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some of the Instruments described in the 
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couraged me to pursue them under circum- 
stances not very favourable to physical in- 
vestigations. 
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under a name which Science associates with 
her highest efforts. 
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ttf committing this volume to thc^ public^ I 
Ibel a degtek of anxi^y vrhidi is not usual 
>ith those who are accustomed to appear 
liefore its tribuDal* Had it been a work of 
Sci^ice, the principal object df which wasta 
detail the observations of pri^cediog authors, 
or had I been able to command that uninter* 
rupted lbisui*e whibh js almost ihdispensible 
in experimental enquiries, this anxiety would 
have been considerably abated. But the 
subjects which I have had occasion to treat, 
are, in a great. measure, new; and from the 
severity of my professional duties, I have 
been obliged to pursue them in the most 
irregular 'and interrupted manner, and under 
circumstances the most adverse to philoso- 
phicaLihvestigation. I t*ely, therefore^ wi 
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the indulgence of the reader for any defects 
which he may discover, and for any errors 
which may be ascribed to the circumstances 
un^er which I haVe written. * 

In the original plan of this work, I proposed 
to confine myself to the mere description of 
Instruments, and wished to leave the apphca- 
tion of thfem to^others who might afterwards 
investigate the subjects to which they refer- 
red. I was afraid, however, that they might 
thus be overlooked as untried inventions^ 
which had not received the sanction of ex- 
perience, and. I therefore! undertook a series 
of experiments upon Refractive Powers, by 
means of the Instrument which I had cojut 
structed for that purpose. From these ex^ 
periments, I was naturally led to those upon 
rDispersive Powers, — asubject which present* 
ed a series of new and interesting results; and 
which is, periiaps^, the most difficult within 
the whole range of experimental philosoj^y^ 
With the aid of a new instrument, I have 

ineasured the dispersions of 137 substances, 
tand by a series pf calculations, which of 
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themselves would have fiHed a volume^ I 
have determined the absolute dispersive 
' powers of these various substances. The 
uncorrected colour which remains after equal 
and opposite dispersions, induced me to ex- 
amine, with care, the action which different 
bodies exercise upon the differently coloured 
rays. The numerous experiments which 
were made with that view, while they estar 
htiAx this, difference of action, and prove the 
existence of a tertiary spectrum^ have sug* 
gested sonie maxims which may contribute 
to the improvement of the Achromatic 
Telescope. 

The discovery tff a new property impres- 
sed upon light, by transmission through the 
agate, opened a still wider and more allur* 
ing field of enquiry ; and though this sub- 
ject was not immediately connected with 
the description of any Instrument, I prose- 
cuted it with renewed zeal, and examined 
4;h£i variations which light, thua modified, 
experienced from the action of refiracting 
and reflecting substances. The power of 
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transparent bddms to destkhj this prGpertjft 
the optical phehodiena peculiar to mica and 
topaz ; and the singular altematidns of tfaf 
prismatib colours which tliese bodies imprest 
upon polarised liglit, were thus eskf^bUshed 
by numerous experiments. 

The leading results which were obtained 
in the tburse of these researches^ may be 
thus entifaierated. 

1. It has been ascertained, that chro- 
mate of lead and realgar have a greater re^ 
fractive powetr than the diamond, which ha? 
always been supposed to exceed every other 
body iii its action upon light* 

2. The chromate of lead possesses, a 
double refraction, about thrice as great as 
that of Iceland spar. 

3. The thrfee simple ijiflammable sub- 
stances have their refractive powers in the 
very order of their inflammability. 

4. AH doubly refracting crystals possess 
a double dispersive power, the greatest re- 
fraction being accompanied with the highest 
power of dispersion. 
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- Jw Tlieihiates, viz. fludr spar atid cry^«^ 
hiiire the lowest refractive powers of all solid 
^ubstatices, and the lowest dispersive pbwera 
of all bbdieift. 

6; The agate, when cut by a plane at 
right angles to the laminae of which it is 
domposiBfd, itnprfesses upon a transmitted r^y 
of light) tlie same character with, (me of the 
pencils fomled by doubly refracting crystals 

7. This properly of lights whether com-- 
nmoicated by the agate, or by double re* 
fraction, or by reflection firom transparent 
^Kxlies, may be destroyed M^ transmitting 
the light, in one direction, through almost 
all mineral substances, and even through 
horti, tortoise shell, aidd guin arable ; wh3e 
in another direction the original character 
of the ray is not alte»Bd The axis of tbid 
substance in which the j[>roperty is destroy^ 
ed, I havfe called the depolarising axis ; and 
the aatis in which it is not altbrqd, the neutrcd 
axis. 

8. Mica and topa2;, while they possess, in 
commbii with other bddies« the neutral and 
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depolaiisihg axes, have also aXesbf a difl^ 
rent kind. Each depolarising axis of the' 
mica is accompanied with an ohlique neutrtd, 
axis^ while the neutral axis, between the t#4> 
contmon depdb.risytfig axes, has an oblique^-^ 
polarising axis. 

9. When the images of a luminous object 
are depdarised by the mica, they exhibit,, 
by a gentle inclination of the plate, the most 
singular alternations of the pri^atic co- 
lours. The same colours were observed in 
the topaz ; and in a more perfect manner in 
Z rhomboid of Icdand spar, which exhibited 
^ome new phenomena. 

10. Light suffers a peculiar modification 
when reflected from the oxidated surface of 
polished steel, which seems to prove, that 
the oxide is a thin transparent film. 

11. Light is partially polarised when re^ 
fleeted from polished metallic surfaced. 

r 12. The light reflected from the clouds, 
the blue light of the sky, and the light whicli 
forms the rainbow, are all polarised. 
• 13^ It appears, , from a great v^iety of 
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experiments, that bodies exert a different 
action upon the different coloured rays^ oil 
of cassia haying the least, and sulphuric acid 
the 'greatest, action upon green light. 

14. The existence of a third, or a tertiary 
spectrum, has been established by numerous 
«Qcpertm«ilB ; and a method has been pdlnt- 
ed out, of employing this spectrum as a 
measute oi the action which different bodies 
exercise upon the differently coloured rays. 

Since this volume has been printed, an 
^ujcount of the labours of the French Nation-- 
^l Institute for 1812 has reached this coun^ 
try; i^^d it appears from this abridged his-^ 
tory of its proceedings, that M. Arago^ of 
the Imperial Observatory, has noticed the 
alternations of colour produced by tne trans- 
raisi^on of polarised light, through plates of 
mica, and that M. Biot has discovered tL^ 
law of these r^oaarkable phenomena* ' It ap- 
pears, also, from some notices in the scien^ 
tific journals, that M. Arago has discovered 
the. depolarisatioR of light by transparent 
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bodies, and that Malus had ascertained hst 
fore his death, that light was pdarised hy 
rejection from metallic suifaces. 

These notices were unknown to me, titt 
I had finished my experiments on the same 
subjects. The only memoir, indeed, which 
had reached this country, was one by Mor 
liis, on the polarisation of light by reflection 
from transparent substances ; and neither I, 
nor any of my literary friends, had any 
means of knowing, that he had extended his 
experiments to polished metals, or that his 
associates in the National Institute had tar 
ken up the subject which hid had so successr 
fully begun. 

After I had discovered the new property 
of the agate, I ohsenred all the pheiiome^ 
na of depolarisation, and the peculiar pro- 
perties c^ mica and to|)az, in reference tp 
light pdiEUrised in that particular mana^. 
An account of my exp^ments was read at 
the meetings of the Royal Society of Edin«- 
burgh; and the experiments th^nselves 
were repeated at ^i^erent times, and with 
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ihe most satisfactory results, before several 
d its members. 

The discoveries of M. Arago, are abnost 
exactly the same with those which are no- 
ticed in the 7th and 9th Articles of the pre- 
ceding enumeration ; but he does not seem 
to have discovered the oblique axis of depo- 
larisation and neutrality, which I have. found 
in mica and topaz, nor to have observed the 
singular phenomena which I have detected 
in Iceland spar. The generalisation of the 
facts alluded to in Article 9« which the cele- 
brated Biot has the undivided merit of hav- 
ing accomplished, will probably throw a new 
light upon this perplexing branch of physical 
optics. 



If this volume shall be favourably recei- 
ved by the Public, I shall take the first op- 
portunity of laying before them a continua- 
tion of my experiments, and a description 
of several other Instruments, which I have 
been prevented from including in the pre* 
sent treatise* 
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BOOK L 

ON MICROMETERS. 

The rapid advances which have been mad^ in 
Astronomy during* the two last centuries, have 
been almost entirely owing to the invention of 
two simple instruments, the Telescope and the 
Micrometer. When we compare the state of the. 
science before the time of Galileo, who first ap- 
plied the telescope to the examination of the hea- 
vens, with that more perfect system which is em- 
braced by modern astronomers, we are astonished 
at the progress of discovery, and at the wonder- 
ful change which a single instrument has been 
able to eflFect. The discovery of five, primary and 
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• seventeen secondary planets; the determination 
of the figures and revolutions of several of the ce- 
lestial bodies ; the transits of the inferior planets 
over the sun; the successive propagation of light; 
the aberration of the celestiat bodies ; and the 
structure of the starry heavens ; are a few of the 
additions which Astronomy has received from the 
science of Optics^. In the prosecution of these 
discoveries, the micrometer became a powerful 
auxiliary to the telescope. It. enabled the practi- 
cal astronomer to measure, with accuracy, the 
smallest spaces in the heavens, to determine the 
diameters of the planets, and to ascertain those 
minute changes, in the foi^in^ and; gpsition of the 
celestial bodies, which have led to the most im- 
portant information respecting the oecoikomy q£ the 
heavens. When we contrast the rude meo^ure- 
ments of Kepler and Tycho With, the delicate ob- 
servations of Bradley, Maakelyne, HecscheU and 
Schroeter, we cannot fail to perceive the advan- 
tages of the micrometer, and. the effect, which any 
further improvement upoji it must ultimately have^ 
in contributing to the progress, of the most per^ 
feet of the sciences. 

In the present advanced state of Astronomer, 
every thing depends upon the accuracy of dbser-^ 
vation. The quantitiea to be ascertained are fre- 
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quently so very minute, as scarcely td become sen- 
sible in a series of years; and it is upon the preci- 

ft 

sion with which these quantities are determined^ 
that the speculations of the physical astronomer 
must depend. Had the ancients surveyed tb6 
heavens with the same instruments as the mo-^ 
dems, we should, at this time, have been intimate- 

• 

!y acquainted with the mechanism of the universe ; 
we might have demonstrated those sublime views 
which Dr Herschel has lately unfolded respecting 
the motion of the solar system in absolute space ; 
and by detecting the velocity with which it ad- 
vances, and the direction ih which it moves, w0 
might have been able to trace a portion of its or-^ 
bit round the centre of some greater system. 

TBut it is not merely to the excellence of in- 
struments, that the astronomer must confide the 
progress of his science. They must be simple &s 
well as accurate, and should be so easily procured, 
as to be in the possession of all who hav^ the in^ 
dlination and the ability to use them. In exa- 
mining the history of the other physical sciences^ 
we find that much has been owiiig to the private 
exertions of men of science, and that from very 
slender means the most brilliant discoveries have 
arisen. Whereas, in practical astronomy, every 
t)iing has been done in a few national observato- 
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ries, and in those connected with universities, or 
in the possession of wealthy individuals. And 
yet, how rapid has been the progress of discovery ! 
and how much more rapid would it have been, 
had 6 very private astronomer enjoyed the means 
of observation ! The science would now have pos- 
sessed a code of fa(^ts, and would have presented a 
richer field for the peculations of the mechanical 
philosopher. 

But it is not for the purposes of astronomy, 
merely, that the micrometer is a powerful instru- 
ment in the hands of the philosopher. It is of 
indispensible use in every branch of experimental 
science, where small portions of space are to be 
measured ; — ^in the researches of the naturalist, 
where the size of minute objects, and the changes* 
which they suffer, are to be ascertained ; and in eve- 
ry case where magnitude and distance require to ht 
measured. Hence the micrometer is a valuable in- 
strument in the arts, as well as in the sdences ; ift 
trigonometrical surveys ; in the practice of navi- 
gation ; and in all military atid naval operations. 

Before we proceed to describe the micrometers 
which form the subject of this Book, it will be ne- 
cessary, for the information of the reader, to giv0 
a general account of the most approved microme- 
ter of the common construction, that he may be 
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able to estimate more correctly the simplicity and 
advantages of the instruments which are to come 
under his review. 

The wire micrometer is an instrument fitted to 
the eyepiece of a telescope, for the purpose of 
measuring the angles subtended by small spaces 
in the heavens, such as the diameters of the pla- 
nets, &c. by comprehending these spaces between 
Itwo delicate parallel fibres, which retain their pa- 
rallelism while they are opened and shut by a me- 
chanical cofttrivaoce. This instrument is repre- 
sented in Plate I. Fig. 1. as attached, along with 
the eyepiece GF, to the tube of the telescope AA, 
by means of a screw round the circumference of 
the circular plate d, (Fig. 1 . and 2). Within this 
circular plate is fixed a conical ring e e. Fig. 2. 
fastened to a second ring BB, (Fig. 1, and 2 ) by 
three small screws, the ends of which may be seen 
in Fig. 2. By turning the screw P, therefore, 
(Fig, 1. and 2.) which works in teeth cut upon 
the circumference d, the whple eyepiece, along 
with the micrometer MN, may be made to re- 
volve upon the conical ring e e as a centre- The 
inclination of the micrometer to the horizon, is 
pointed out upon the flat surface of the ring d, 
which is divided into 860 degrees, &c. Into the 
ring BB, (Fig. 1. and 2.) is screwed the common 
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Huygenian eyepiece FG. The micrometer itself 
!s contained in the box EE, Fig. I. and 3, which 
moves freely through the square holes in the ring 
BB, ^hat the observer may follow an object while 
it is passing quickly through the field of the te- 
lescope. To shew the interior construction of the 
instrument, we have represented it in Fig. 3. with 
one of its sid^s removed. The fork of brass n n 
is fixed to the largest of the two small screws on 
the right hand side of the figure, and on the other 
end of the screw is placed a nut L, united to the 
divided head N, and moving, with its female 
screw, upon the male screw already mentioned. 
By turning the nut L, the fork nn may be moved 
backwards and forwards in the directions NM^ 
MN» without any lateral shake. Within th^e fork 
n 7t is placed a second fork o o, fixed to another 
male screw on the left hand side of the figure, 
which may, in like manner, be moved backwa,rds 
^nd forwards by means of the nut M, fixed to th^ 
divided head P. Across the lower side of each 
fork is extended a delicate fibre, or silver wire, e, e, 
which partakes of the motion of the fork to which 
it belongs, and both these fibres are so fixed that 
they always continue parallel, whatever be the dis- 
tance to which they are separated by the motion 
6i the forks. The Ipwer sides of the forks are 
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ina4e in inch n manner, ifaat the wires van jnst 
■{laas each t>thel* without tottching ; and at tiie in- 
ttant of their passage,, they must coincide so com- 
jdetely m to appear one wire. When this takes 
p}ace/the index should point to the zero of the scale 
n within the micrometer, each division of which 
is equal to the interval between any of the threads 
of the mede screw, and is of course passed over by 
idither of the wires during one complete revolution 
tyf the nut L oi* M. The graduated heads N and 
P are each divided into 100 parts, so that the dis- 
tance between the wires can at any time be ascerr 
tained to the lOOdth part of one of the divisions 
of the scale a. These divisions are generally the 
5Dth of an inch each, so that every unit on the gra- 
duated head corresponds to the 5000th part of an 
inch. A third wire 5, lying in the direction of the 
screws, bisects the other two wires at right angles, 
and is intended to point out the direction in which 
tiie angle is to be measured. The angle subtend- 
ed by the wires, when separated to any distance, 
18 found by counting the number of revolutions, 
and parts of a revolution, of the divided head N 
or M, which are necessary to make the one wire 
move up to the other, and coincide with it. The 
number of seconds passed over by any of the wires 
during one revolution of the head N or M, must 
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be ascertained by actual experiment, that is, by 
measuring a base, and observing the space com- 
prehended between the wires at the end of that 
base, where they are separated by so many revo- 
lutions ;— or by observing the time employed by an 
equatorial star in passing from the one wire to the 
other. When the angle is thus determined whick 
corresponds to any given number of revolutions^ 
it may be found by simple proportion for any other 
number of revolutions ; and these results may be 
conveniently put down in the form of a Table, to 
prevent the necessity of future calculation. 

Let it be required, for example, to measure the 
sun's diameter, and let us suppose that two revo- 
lutions of the divided head separate the wires to 
such a distance, that they subtend exaetly an an- 
gle of 60 seconds. Having directed the telescope 
to the 3un, turn round the micrometer by means 
of the screw D, till the lower limb of the sun S^, 
(Plate I. Fig. 4.) just passes along the lowest pa- 
rallel wire CTf. Then turn the nut which moves 
the other wire AB, till it is at such a distance from 
CD, that the upper limb of the sun just passes along 
it. The sun S^ is now comprehended exactly be- 
tween the wires, and the angle which they subtend 
is therefore a measure of his diameter. Let the 
wire AB be now moved towards CD till they ca- 
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incide, and suppose that it requires 60 revolutions 
of the divided head, and 4*6 hundredths of a revo- 
lution, to produce this coincidence. Then, since 
two revolutions are equal to 60 seconds, 60.45 re- 
volutions will be equal to S0'.2S5, or 80' 1S".5, the 
diameter of the sun required. The diameter thus 
measured, is obviously perpendicular to the direc- 
tion of the sun's motion ; but when we wish to 
measure the diameter which is parallel to the line 
of his daily motion, we must guide his upper or 
lower limb along the wire which bisects the paral* 
lel wires, and then separate the wires till the one 
extremity of the diameter is in contact with the 
first wire, at the very instant l^hai the ' other ex- 
tremity is in contact with the second wire. The 
motion of the sun, however, renders this obser- 
vation so extremely difficult, that it is almost im- 
possible to make it with any degree of aqcuracy. 
By attending to the principles upon which this 
instrument is constructed, it will be easy to disco- 
ver the numerous sources of error to which it is 
liable. The difficulty of finding the real zero of 
the scale, or the instant when the two wires ap- 
pear to be in contact ; — the error arising from the 
want of parallelism in the wires, or from a lateral 
shake in the forks which carry them ;— -the inflexion 
pf light which takes place when the wires are 
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near each other; the complicated structure of the 
instrument ; the minuteness of the scale, and 
of all it parts, but especially the difficulty of pro- 
tniring screws in which the distance of the threads 
is always the same, are objections inseparable from 
the construction of this instrument. How far 
these sources of error are removed in some of the 
new instruments which we are now to describe, 
and what advantages they derive from simplicity 
of construction, must be determined by an atten<- 
tive perusal of the following Chapters. 
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CHAP. I. 

DescripMon of a New Wire Micrometer. 

The diameter of the sun, or any portion of space, 
tnay be comprehended between a pair of wires pla* 
ced in the eye-piece of a* telescope, either by a 
mechanical or an optical contrivance ; in the one 
case, by varying the distance of the wires till they 
contain exactly the solar disc ; and in the other, 
by expanding or contracting the image of the sun 
till it exactly fills the space between a pair of fix-» 
ed wires. Thus let SV, Plate I. Fig. 4. be the sun 
in contact with the lower wire CD, the wire AB 
may be moved into the position cr&, so as to touch 
the upper limb S' of the sun ; or if the wires AB, 
CD, are both fixed, we may, by increasing the mag- 
nify ing power of the telescope, expand the image S V 
into SSf till its north and south limbs are in accurate 
contact with the fixed wires. In the first of these 
methods, which has ali^eady been explained in the 
description of the common wire micrometer, the 
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^ngle subtended by the sun is measured by the 
revolutions of the screw, which are necessary to 
bring the wire AB from a state of coincidence with 
CD into the position ah : — In the second method, 
which is the principle on which the new instru- 
ment is founded, the angle is measured by the 
change of magnifying power which is required to 
enlarge the solar image, till its diameter is exact- 
ly equal to the distance between the wires. Though 
the wires are in this case absolutely fixed, yet the 
angle which they subtend at the observer's eye 
continually changes with the magnifying power of 
the telescope : for if the sun SV fijls half the space 
between the wires AB, CD, before the magnifyr 
ing power is increased, the angle subtended by 
these wires must be equal to twice the diameter 
of the sun, or about 62 minutes ; and when the sor 
lar image has been expanded to S,y, the wires AB, 
CD, only subtend an angle equal to the sun's diar 
meter, or about 31 minutes; so that if this expan- 
sion of the sun's image has been produced by a 
gradual change in thie magnifying power of the 
telescope, the wires must haye subtended every 
possible angle between 31 and 62 minutes. 

The gradual variation of the magnifying power, 
which is thus essential to the construction of the 
instrument, may be effected by different contrivan-j 
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ces,.— by changing the distance betweeii the twol 
parts of the achromatic eyepiece ; * by separating^ 
one or more of the lenses of the compound object 
glass ; or by making a cohvex, a concave, or a 
meniscus lens move along the axiS of the telescope, 
between the object glass and its principal focus. 

The last of these contrivances, which is, for ma- 
ny reasons, preferable to any of the other two, is 
represented in Plate I. Fig. 5. tvhere O is the ob- 
ject glass, whose principal focu^ is at/, and L the 
separate lens, which is moveable between O and fi, 
The parallel rays R, R, converging to /, after re- 
fraction by the object glass O, are intercepted by 
the lens L, and made to converge to a point F^ 
where they form an imaige of the object from which 
they proceed. The focal distance of the object 
glass O has therefore been diminished by the in- 
tet'position of the lens L, and consequently the 
magnifying power of the telescope, and the angle 
subtended by a pair of fixed wires in the eyepiece, 
hfeve suffered a corresponding change. When the 
lens is at /, in contact with the object glass, the 
focus of parallel rays will be about (p ; the magni-^ 
fying power will be the least possible, and the 
angle of the wires will be a maximum ; and when 

• This contrivance will be described in Chap. VII. p. 59. 
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the lens is at f , so that its distance from O is equal 
to Ofy the focus of parallel rays will be at /;— 
the magnifying power will be the greatest possi* 
ble» and the angle of the wires will be a minimum. 
When the lens L has any intermediate position 
between / and /', the magnifying power and the 
angle of the wires have an intermediate value» 
which depends upon the distance of the lens from 
the object glass. Hence it appears, that the scale 
which measures these variations in the angle of 
the wires, may always be equal to the focal length 
of the object glass ; and it may be shewn in the 
following manner, that it is a scale of equal parts^ 
the changes upon the «angle being always propor* 
tional to the variation in the position of the move- 
able lens. 

The point /being that to which the rays inci* 
dent upon L always converge, we shall have by 
the principles of optics, 

F+X/:F=L/:LF 

F being equal to the focal length of the lens L. 
Now it is obvious, that the magnitude of the image 
formed at F, after refraction through both the 
lenses, will be to the magnitude of the image 
formed at/ by the object glass O, (or by both 
lenses when L is at /',) as LF is to L/; for the 
image formed at / is the virtual object from which 
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the image i^t F is formed, and the magnitude of 
the image is always to the magnitude of the ob- 
ject directly aa their respective distances from the 
len& Hence the magnifying power of the tele« 
sicope when the lens L,is in these two positions^ is 
in the ratio of LF to L/» consequently the angle 
subtended by the wires, which must always be in- 
versely as the magnifying power, will be as L/to 
LF. 

By making L/=&9 the preceding formula be- 
comes • 

T+b:Tsz6:LF. Hence 

Tbsn calling A the le^t angle subtended by the 
wir^s, or the angle which they subtend when the 
lens L is at l\ and « the angle which they subtend 
when the lens is at L or in any other position, we 
have 

A : ier:LP : L/, that is 
A : « :=: ^rr^ : 6, and 
Ab 

«=A+-jr = the ANGLE for any distance b. 



AT 



Calling P the ^eatest magnifying power, and 
the magnifying power for any distance b, we shall 
have 
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P ; 5r=6 : j;— g, and 

«■=: jqjg= the POWEE for any distance b. 

Making A=20, P=20, F=10, and 6=0, 1, 2, 8, 4, 
successively, we obtain from these two folrniulaB 
the results in the following Table.' 



Dlffereta 

values 

qfh. 


Gtkulated' 

magtUfifing 

power*. 


IDifer. 
ences. 


Calculated 
an^es. 

1 


Differ, 
ence*. 




* 1 

2 

8 

4 


20.00000 
18.18182 
16.6e666 
15.38461 
14.28571 


1.81818 
1.51515 
1.28205 
1.09890 

• 


20' 
22 
24 
26 
28 


2 
2 
2 
2 



Hfence it appears, that when the diflFerent values 
of 6 are in arithmetical progression, the angle « 
of the wires varies at the same fate, and there- 
fore the scale which measures these angular varia- 
tions is a scale of equal parts. The magnifying' 
power, however, does not Vary with equal differ- 
ences, and consequently a scale for measuring its 
variations, if any scale were wanted, is not a scale 
of equal parts. 

Having thus ascertained the nature of the scale, 
we shall now proceed to point out the method of 
constructing it. It is obvious that the length of 
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the scale is arbitrary, aixd may be Aiftde e<{ual ei- 
ther to the whole focal length Of of .th6 object 
glass, or to any piortion of it. If the tens L m6v^s 
along the whole length of the axis Oj^ the angle 
subtended by the wires can be varied to a greater 
degree than if the lens motes only along a portion 
of the axis ; but as this advantage may be obtain:-^ 
ed by a contrivance hel^after to be described, it 
will be found more convenient for astronomical 
purposes to make the lens moveable <m\y along 
a part of the txjSi as' from L towak*dsyi « 

Let us suppose^ therefore,' that when the object 
glass O is S6 inches in focal length/ 10 iiiches wiU 
be a convenient length for the scale; and that the 
telescope is constructed jbo that the lens L cah 
move freely through that space^ reckoned fSrom fi 
the next thing to be determined is the focsd length 
of the lens L* It is evident that a lens of 6 inches 
focal lehgth will produce a much greater diminu- 
tion of magnifying power, andconsequently a much 
greater increase upon the angle of the wires in 
moving from / to L tkan a lens of greater focad 
length ; so that the value of the whole scale in mi- 
nutes or seconds; or the increase in the angle occa- 
sioned by the motion of the lens from / to L, must 
be inver£fely as the focal length of the moveable 
lens.' If the angle of the wired is 26 minutes; for 

B 
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example, and if the tMgnifymg power of the te« 
lescope is (}iniinisked froni 4(/to $0 by the inotioa 
of the l0nB from/ to L ; then when the lens is at 
L, the iingle of the wires wfli be 34' W, for 

SO : 40 = 26' : 84' 40 -. 
'Hence we have a scale of 10 inches to measure 
^ — ^84' 40^', or 8' 40% and therefore erery tenth 
of an inch on the scale will be egual to 5".2. 

If we employ a lens of much greater focal len^h^ 
10 as to diminish th(^ magintfykig power only fVom 
40 to $5, and if the &ng\e of the wires is £d iQi* 
hutes; tiien when the lens is at L, the angle of the 
wires wUl be Stf 9" nearly, for 

35 : 40=29': as' 9". 
And hence we hare a scale of 10 inches to mea*- 
sure Q9* — 33^ 9% m 4' 9^^ coni^equently every 
tenth of an inich on the scale corresponds to S".S. 
'From this it Will be manifest, that . the accuracy 
of the scale is increased by inensasing the focal 
length of the moveable lens. 

The two preceding examples are suited to a 
micrometer for measuring the diameters of the 
sun aind moon at their various distances from the 
earth ; but, in order to shew the resources of the 
principle on which the instrument is founded, we 
shall take another example, better adapted to this 
',ptirpoBe. 
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Let lis suppose that the pair of fixed wires sub- 
tends only an angle of 40% for the purpose of mea^ 
suring the distance between double stars, or the 
diameters of some of the smaller planets^ that the 
telescope niagni&es 900 times, and that the lens L 
in its motion from / to L, through a space of 10 
inches, diikiinishes the power of the instrument 
to 240 ; then when the lens is at L, the angle of 
the wires will be BO% fnr 

S40 : a0O=r 40" : 60^- 
Hence we have a scale of 10 inches to measfire 
4tf'-— 60% or 10% so that every inch of the scale 
corresponds to 1% and every 10th of an inch to 6'^ 
From this it follows, that the accuracy of the sca^e 
increases as the angle subtended by the fixed wires 
diminishes. 

If it should be found convenient to make eatih 
division of the scale correspond to a greater varia- 
tion in the angle than ih any of the examples 
which we have given, it^ould then be proper to 
make use of a vernier for, subdividing the units 
of the scale. 

In order to shew more clearly the method of 
completing the scale, we have represented a tele- 
scope furnished with a ipicrometer, in Plate I. Fig. 
6, where AB is the principal tube, with the object 
glass at B ; CD a secondary tube, at the right 
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hand extremity of which is fixed the lens L, (Fig. 
5,) which is moved backwards and forwards with 
the tube, by the milled head F ; and E the eye- 
piece, which is adjusted to distinct vision ,by the 
milled head G. The small index f projecting 
from the principal tube below A, and furnished 
with a vernier scale if necessary, points out the 
divisions on the scale. Lict it now be required to 
construct the scale for the 2d Example, where the 
lens L, by moving from/ to L, changes the power 
of the telescope from 40 to 85. Having moved 
the tube CD as far out as possible^ by the milled 
head F, mark the point of it at n to which the in- 
dex I points, and this will be the beginning or ze- 
ro of the scale. Adjust the eye tube £ to distinct 
vision, and find by experiment* the angle subtend* 
ed by ' the fixed wires : Let this angle be 29 mi- 



* In ordertofind the anglesubtendedbyapairof wires AB> CD, 
I'late I. Fig. 4, direct the telescope^ the object glass of which is sup- 
posed to be at the point A, Plate II. Fig. 2, to any upright object 
MN^ with a plain surface^ perpendicular to the axis 'of the tele- 
scope^ and placed at aconvenient distance^ 500 feet fco- example^ 
and observe the space which the wires appear to, occupy, or the 
points B, C, whidi the wires seem to cover, taking partictilar care 
ifiat thife line, joining these points is perpendicular to the wires. 
Let the space BC be 4 feet 2.57 inches. Bisect BC in D, and 
draw DA ; then in the right angled triangle ADB, we have 
AD=t50e feet, and BD=:2 feet 1.2«5 inches^ to detehhijie th« 
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, 1 

\ 

nutes. Move the tube CD ad far in as possible by 
means of the nut F/till thedndex z points to m, 
and mark this as the other ^^ttremity of the scale. 
Let the eye tube E be Bgsin adjusted to distilict 
vision, and the angle subtended by the wires again 
determined experimentally ; and let this angle be 
now 88' 9". In order to find the point of the scale 



angle BAD, which, by the simplest case of plain trigonometr}% 
wilibe found to be 14' SO", so that the whole angle KAC, or 
that subtended by the wires, will be 29'* 

It is obvious, however, that on account of the proximity of the ob- 
ject MN, the image of it in the telescope is formed by rays which 
&11 diverging upon the object glass O, and therefore this image 
will be formed at^^, Plate I. Fig. 5, at a greatj^r distance than the 
principal focus yi Hence the magnifying power wiU be greater, 
and the angle of the Mrires less than they would have been had 
the ol^e6t MN been pufimtely dAsftant It is necesaai'y> therdbre, 
to find the corrected angle BAG, sq that we may have the real 
value of that angle when the telescope is directed to the heavenly 
bodies. Let Of, the focal length of O, Plate I. Fig, 5. be called ^; 
D the distance of the object MN; a the angle found by experiment; 
;r.the correct angle ; F the focal length of L ; and b the distance 
of the lens L from the focus^ Then we have, by the principles 

of Optics, fj— t=j9^'* the increase of focal length. Cal- 
ling this value of j(f' m, we have b+mszLf^, and, by the 

FA+'Fwi 
principles of Optics, F+b+m i F^b+m : «— v^ for the 

new value of LF or for LF'. Hence LF : LF(sa : « ; that is^ 

F6 Fb+Fm 
-Errr ' wr-r-, — = a : a? ; a formula from which the oorrectr 

ed angle «r may be readily found. 
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corresponding to 88', say, As 4' 9", the value of the 
whole scale, is to 10 inches, the length 6( the 
scale, so is 9'' to 36 hundredths of an inch, which 
being set from m to o, will mark out the point o 
as corresponding to SSf* The space o n being di- 
vided into four parts fdr minutes, and each mi*- 
nute into as many divisions as possible, the micro-^ 
meter will be ready for ijse, If great accuracy is 
required, every unit of the scale might be deter*- 
mined experimentally, by aiiy of the methods 
mentioned in the preceding note. 

The instrument thus constructed, Ls capable of 
measuring angles only between 29' and 8Sf 9", 
and is therefore peculiarly fitted for determining 
the diameters of the sun and moon^ Its raiige, 
however, could easily have been extended, by 
lengthening the tube CD, or by employing a move- 
able lens, of smaller focal length ;r — or instead of 
one pair of wires, we might use several pairs, as 
AB, CD, dbf cd, «i3, y }, Plate II. Fig. 1. so placed 
that only one pair should be in. the field of view 
at a time, anfi that the least angle of the second 

^ Inatead of using the predj^ing trigonometrijcal method, the 
angle subtended by the wires may be more easily found by ob- 
serving the time in which &n equatbrial star passes from the ope 
wire tP the other. This portion of time converted into minutes, 
at the rate of 4 minutes to la dfegree, will be the angle subtend^ 
ed by the wires. 
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pair shoHM be eqiial tb the gretttddt atigle et the 
first pair, and tte leait ang^le df the tkM pair 
equal to the greatest an^le of the secotid.' 

When the mitpoih^ter is constructed on these 
principles, it k certainly: free from almost all those 
sources of error with which the wire micrometer 
is affected. The imperfections of the screw, the 
errors arising from the uncertainty of the zero, 
from the bad centering of the lenses, from the 
want of parallelism in the wires, and from the mi- 
nuteness of the scale, are completely rem6ved. 
Nay, if the scale is formed by direct experiments, 
whatever errors may exist in the instrument, are 
actually corrected ; for as the sources from which 
these errors proceed existed in the instrument 
during the formation of the scale, they cannot 
possibly affect the result of any observation. The 
scale is in fact the record of a series of experimen- 
tal results, and the observation must be as free 
from error as the experiments by which the scale 
'^ was formed. It would, therefore, be of great ad* 
vantage, in micrometrical observational, to make the 
points B, C, Plate 11. Fig. 2, with which the wires 
appear to come in contact, as luminous as the ob- 
jects to which it is intended to apply the instru- 
ment, or rather to have a series of results far ob- 
jects of various degrees of illumination. 
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application of this miccometer to a tele« 
$cope for measuring distances^ jurill be explained 
in Book III. Chap. L, to which we must>al80 re7 
ier the reader for the discussion of several points 
(oiinected with the thf^ory of the ipstfunifint. 
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CHAP. II. 

description qf a New Micrometer Jbr RefkcHag^ 

Telescopes, 

In applying to the reflecting telescopes of Gregd^ 
ly and Cassegrain the principle which has been 
explained in the preceding Chapter^ we are led to 
the formation of a micrometer^ remarkable for tiie 
simplicity pf its construction ; and what^ at first 
sight, may appear paradoxical, we may convert a 
Gregorian or a Cassegrainian telescope into a ver 
ry accurate micrometer, almost without the aid of 
fmy additional apparatus. 

It will be readily seen by those who understand 
the theory of these telescopes, that their magnify- 
ing power may be increased merely by varying 
the distance between the eyepiece and the great 
speculum; and then producing distinct vision by 
ti new adjustment of the sniall tnutor. Hence a 
pair of wires fixed in tlie eyepiece may be made 
(o subtend difierent angle?^ solely by having th^t 
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part of the instrument moveable along a portion 
of the common axis of the two mirrors. 

In order to understand this, let SS, Plate II. 
iFig. 8. be the great speculum of a Gregorian tele- 
scope, having a round hole in its centre, and placed 
at the extremity of the tufc^ A' A ; and let M be the 
small speculum, verbose focus is 6, and centre H, 
attached to aa al^ MQ, and moveable along the 
axis of the instrument by means of a • screw and 
milled head. The rays RR, proceeding from the 
lower pa^t of aiiy ot)ject, and falKtig-upon tb^spe* 
eulum Sfe, will b^ r^edited to R', and wfll there 
fonn an image off that part of the object. In like 
tnanner^ the rays rr will form aA image of the up«> 
per part of the object at r'. The rays diverging 
fr6m the image RV, and interbeptsd by: the small 
speculum M, will foi^ another imftge RV, at th^ 
didlatice MF; which being viewed by the eye* 
glass at E, whose focal distance is I*E, will e^peat 
distinct a»d magnified to the observer. 

Let us bow suppose that the lebs !fi), Or the eye^- 
piece of the telescbjie^ (which is generally a Huy- 
genian eyepiece, wi|;h two glasses,) is moved by a 
suitable apparatus into the position E', and that a 
point F is takfeti) fed thAt F'E' may be equal to FE. 
Then it is manifesto th^^ in order to have a dis* 
tinct view Of the object in. this new position of the 
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eyepiece^ the knage formed by the small specu- 
lum must be brought to F' in the focus of the lens 
E'. But as the place of the first image RV b in 
no respects changed by the change of position in 
the eyepiece, the formatioa of the image at F can 
be effected only by bringing the small mirror M in- 
to a position M ', nearer the image RV than it was 
before ; and as the spa^e MM' through which it 
has been moved, in order to converge the rays to 

F'5 must necessarily be less than FF'=EE', the 

• 

space through which the eyeglass-has moved; the 
distance M'F' of this new image at F' firom tJi« 
small mirror, must be greater than MF, the dis- 
tance of the other image at F, in the ratio of M'F' 
to MF ; and the magnifying power of the instru- 
ment must at the same time be increased, and the 
^ngl'e subtended by the wires diminished. 

Let us now see to what this variation of power 
amounts, and what must be the^ nature of the 
scale by which the changes of the angle subtended 
by the fixed wires ought to be measured. By the 
principles of Catoptrics, we have 

M/; MFz=/G : GH, consequently 
M/xGH 

Now MF'=MF+EE 

M'F'=MF + EE— MM', and 

Myi=M/— MM' 
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When the' small mirror, therefore, is at M', we 

shall have 

« 

M/— MM': MF+EE'— MM'sr/G : GH, and 

making MM'=ix, /0=:p, Mf=zm 

EE'=a, GH=zq, iJtFzzn, we obtain 

'The magnifying power produced by the small 

TVfl? «t 

mirror when at M is evidently equal to ^rp^ or -, 

» 

and the magnifying power produced hf the small 

mirror when at M' is equal to tt^tt^ or ^i^!^, so 

that if we call ^, the least magnifying power of 
the telescope, and P, any other magnifying power, 
we have 

,:P=iL:!i±f^,aild 

tn tti'-^x 

P= — X --^ — . 

If A be the greatest angle of the wires, and « any 
bther angle, then since the angles are inversely 
as the magnifying powers, we have 

- n-X-ftr—^x ft - - 

A : « :=: : an^ 

jw— KT m 

An mr"^ 
« = — X 



;» «4« 



a— ^ 
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Let us now suppose a = 0» 1, 2, S, % successivelj, 

J9 = l, 

gr = 6, 
x=20, 
A = 20, 
then since mszp + q^ we have 

w = 7, 

and smce n = ^^, we have 

p 

n z= 42. 
Then, by the different formulae, we obtain the fol- 
lowing results : 



Va- I Va- 
lues of lues of 



a. 



X, 



. 



Calculated 
magnifying 
powers or va- 
lues of 9r. 



Differ- 



Calculated 



ences. 



angles or 
values of «. 



Differ^ 
ences. 



Angles if the 

scale were of 

equal parts. 



O 
1 
2 
8 

4 



O 
.2 

.4 
.6 
.S 



2aooo 

20.980 
22.022 
23.125 
24.801 



I 



980 
1042 
1108 
1176 



20.000 
19.065 
18.165 

17.297 
16.460 



985 
901 
868 
887 



20,000 
19.115 
18.280 
1 7.845 
16.460 



From these results it appears, that when a va- 
ries in arithmetical progression, the values of «, or 
the calculated angles, do not vary in the same 
rate, and consequently the scale which measures 
these angular variations is not a scale of equal 
parts, though, in the case for which the Table is 
calculated^ the deviation is not very considerable. 
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In the formation of this micrometer, we maj 
either construct the scale from calculation, after 
the two extreme pointsi of it have been fixed ex- 
perimentally, by the method already described in 
the preceding Chapter ; or all the points of the 
scale may be determined by direct experiment. 
It would perhaps be more convenient to divide 
the scale intp equal parts^ and to construct a 
Table from the preceding formulae, for the pur- 
pose of shewing, by inspection, the angle which 
corresponds to any number of these equal di* 
visions. . 
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CHAP; in. 

• • • 

Description of a New Divided Of^ject Glass Mi- 
crometer. 

Xhb tommon divided object glass micrometer, 
was invented about tiie same time by Savery and 
Bougiier, and was afterwards greatly improved by 
our countryman Mr Dollond. It consists of two 
semilenses. A, B, Plate II. Fig. 4. of the same focal 
length, formed by dividing a convex lens into 
two equal parts, by a plane which passes through 
its axis. The centres of these semilenses are 
made to separate, and to af^oacb each other, 
hy memis of a screw or pinion along the line AB, 
and the distance of their centres is measured up- 
on a scale subdivided by a vernier, or, as in the 
wire micrometer, by a graduated head fixed upon 
the screw. 

If it is required to measure the angle sub- 
tended by two objects, .MN, the semilenses are 
separated till the two images of these objects are 
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in contact, or till the image of M, foitaed by the 
semilens A, appears to be in contact with the 
image of N, formed by the semilens B. When 
this happens, the angle subtended by the objects 
is equal to the angle subtended by AB, the dis- 
tance of the centres of the semilenses at the point 
F, or the focus of the lenses where the contact of 
the images takes place. It is manifest, that an 
image of M will be formed in the line A F, and 
at F the focus of rays diverging from M. In 
like manner, an image of N will be formed in the 
line B F, and at F the focus of rays proceeding 
from the radiant point N. Hence it is dbvious 
that the angle subtended at F by M N, is the 
same as the angle sul)tended by AB at F. The 
angle AFB may be easily found trigonometrica]- 
ly, the sides AB aiid OF being known ; but, as 
this angle is generally very small, it may, with- 
out any perceptible error, be considered as pro- 
portional to the subtense AB, or the distance be- 
tween the centres of the semilenses. By deter- 
mining, therefore, experimentally, the angle which 
corresponds to any distance AB of the semilenses, 
we may, by simple proportion, find the angle for 
any other distance.^ 

* A complete perspective view, and a description of th6 most 
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With this preliminary, informfition, it will not 
be difficult to understand the jtheory and construe* 
tion of the New Divided Object tilass Microme* 
ter. TI4s instrument consists of an achromatic 
object glass, LL, (Plate II. Fig. 5.), having two 
semilenses. A, B, represented in Fig. 6., move- 
able between it and its principal focus /. These 
semilenses are completely fixed, so that their cen- 
tres are invariably at the same distance ; but 
the angle subtended by the two images which 
they form, is varied by giving them a motion 
along the axis O/ of the lens LL. When the 
semilenses are close to LL, the two images are 
much separated, and form a great angle; but, as the 
lenses are moved towards /, the centres of the ihi* 
ages gradually approach each other, and the angle 
which they form is constantly increasing. By 
ascertaining, therefore, experimentally, the angle 
formed by the centres of the images, when the 
semilenses sre placed close to LL, and also the 
angle which they subtend when the semilenses 
are at f, the other extremity of the scale, we 
have an instrument which will measure, with the 
utmost accuracy, all intermediate ingles. 

approved Divided Object Glass Micrometer^ of the common 
construction^ will be found in the Edinburgh ENCYCLOPiSniA^ 
Ar^. Astrononuf, yol. II. p. 734. 

C 
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In constructing this micrometer for astronomi- 
cal purposes, the semilenses may be made to 
move only along a portion of the axis Of^ parti- 
cularly if the instrument is intended to measure 
the diameters of t)ie sun and moon, or any series 
of angles within given limits. By increasing the 
focal length of the semileiises, or by diminishing 
the distance between their centres, the angles 
may b6 made to vary with any degree of slow- 
ness, and of course each unit of the scale will 
correspond to a very small portion of the whole 
angle. The accuracy and magnitude of the scale, 
indeed, may be increased without limit ; but it is 
completely unnecessary to carry this any farther 
than till the error of the scale is less than the pro- 
bable error of observation. 

Let us now examine the theory of this micro- 
meter, and endeavour to ascertain the nature of 
the scale for measuring the variations of the angle. 
For this purpose, let LL, Plate II. Fig. 5. be the 
object glass which forms an inverted image, m ti, of 
the object MN, and let the semilenses AB, having 
their centres at an invariable distance, be inter- 
posed between (he object glass and its principal 
focus, in such a mai^ner, that their centres are 
equidistant from the axis O/. Now, it is obvi- 
ous, that the size of the image m n, is propor- 
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tional to the size of the object MN ; and, as the 
angle subtended by MN depends upon its size, 
the magnitude of the image m n may, in the case 
of small angles, be assumed as a measure of the 
angle subtended by MN. As the rays which 
proceed firom the point M, are all converged to 
m by means of the lens LL alone, the ray b A, 
which- passes through the centre of the semilens 
A, .must of course have the direction b m ; and, 
as it suffers no refraction in passipg through the 
centre of A, it will proceed in the same direc- 
tion b Am, after emerging from the semilens, 
and will cross the axis at F. For the same rea- 
sons, the ray c B, proceeding from N, and pass- 
ing through the centre of B, will cross the axis 
at F, as it advances to n. If the distance of F 
from A and B happens to be equal to the focal 
length of the lenses A and B, when combined 
with LL, distinct images of M and N will 'be 
formed at F, and they will appear to touch one 
another ; and the line m n being the size of the 
image that would have been formed by the lens 
LL alone, will be a ineasure of the angle subtend- 
ed by the points MN. If the point F, where 
the lines A m, B t^ cross the axis, should not hap- 
pen to coincide with the focus of the lenses A; B, 
when combined with LL, then let this focus be 
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kt F', nearer A and B than F. Draw the lines 
A F' m, B F' n^ then it is obvious, that if the an- 
gle subtended by MN were enlarged, so as to be 
represented by n' m\ instead of n m, or so that 
the lens LL alone would form an image of it 
equal to nf m', the point of intersection F would 
coincide with the focus F ; so that,' in every po- 
sition of the lenses A, B, with respect to LL, the 
points MN may always be made to subtend such 
an angle, that when they are placed before the 
telescope, the points F, F' will coincide, and con- 
sequently the images of the points M, N will 
be distinctly formed at F', and will be in contact. 
Whenever this happens, the 3pace n! rn! will be a 
measure of the angle thus subtended by MN, 
Hence it follows, that whatever be the position 
of the semilenses A, B, on the axis O/, the rays 
& A, c B, which pass through the centres of the 
semilenses, will cross the axis at some point F, 
corresponding with the focus of rays diverging 
from M, N, and will mark out the size of the 
image w m', and consequently the relative mag- 
nitude of the angle subtended by the two points 
M, N. 

From the equality of the vertical angles A F' B, 
«' F' m\ and the parallelism of the lines AB, n! m\ 
we shall have 

ji'w':AJ3=:/F':GF'i 
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and calling /F' = 6, as in page 15, and consider- 

ing that GF' = ^Zh' ^ ^^°^ ^^^ ^^'^^ length of 
the semilenses, we have 

F h 

n' m' : AB = 6 : fjry and consequently 

«'W- AP . AB X 6 
. F 

Now, calling AB = 2, F = 10> and 6 = 1, 2, S, 
successively, we shall obtain 

^ 10 

^ 10 

2 V ^ 
h' m' = 2 + — ^ = 2.6 

from which it appears, that when 6 is in arithme-^ 
tical progression, the angle n' w! varies at the 
same rate, and consequently the scale which mea'- 
sures the variations of the angle, subtended by 
the centres of the two images, is a scale of equal 
partSi 

This instrument undergoes a vefy siiigular 
change, when constructed as in Plate II. Fig. 7., so 
that the semilenses are outermost and immoveable, 
while another leiis, LL, is made to move along 
the axis 6 f^ In this case, a double image is 
formed as before, but the angle subtended by the 
centres of the images never suffers any change 
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during the motion of the lens LL along the axis 
of the telescope. If the two images are in con- 
tact when the lens LL is close to the semilenses, 
they will continue in contact in every other po- 
sition of LL ; but the magnitude of the images 
is constantly increasing during the motion of LL 
towards y) the principal focus of the semilenses. 
The reason of this remarkable property will be 
understood from Fig. 7., where M, N, are two 
objects placed at Such an angle, that the rays 
passing through the centres A, B, of the semi- 
lenses, cross the axis at F, the focus of the com- 
bined lenses for rays divergent from M and N* 
In this case, distinct images of M and N will be 
formed at F, and will consequently be in con*, 
tact. If the lens LL is reiioved to the position 
L' L', the rays Mm, N ti, which are incident 
upon it at the points m and n, having the same 
degree of convergency as before, will be refract* 
ed to F', the focus of the combined lenses for 
rays diver^ng from MN. Two distinct images 
of the object will therefore be formed at F', and 
these images will still be in contact. In like man- 
ner, it may be shewn, that whatever be the po- 
sition of the lens LL between G and f, the rays 
M/, N/, will cross the axis at a point coinci- 
dent with the focus of the combined lenses» and 
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will there form two images always in contact. 
Hence it follows, that though the magnifying 
power of the instrument is constantly changing 
with the position of the lens LL, yet the angle 
subtended by the centres of the two images ne- 
ver suffers the least variation. 

The application of the Divided Object Glass 
Micrometer -to a telescope for measuring distan- 
ces^ and to. a coming-up glass for ascertaining 
whether a ship is approaching to, or receding 
from, the observer, will be described in Book III. 
Chap. II., to which we have reserved the discus- 
sion of several points connected with the theory 
of the Instrument. 
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CHAP. IV. 

Description of a Jjuminous Image Micrometer. 

t 

The object of this ihstniment is to measure the 
angle subtended by two luminous points ; and it 
may be applied with considerable advantage in 
ascertaining the distances between fixed stars that 
are comprehended in the field of a telescope ;— ^ 
in determining the inclination which a line join- 
ing the centres of two stars forms with the di- 
rection of their apparen^ motion ; — ^in surveying 
or in measuring distances during night ; — and in 
finding the position of a ship, with respect to fix- 
ed lights placed upon the coast. 

Let LL (Plate IIL Fig. I .) be the object glass of an 
achromatic telescope j whose focus is f and M, N, 
two luminous points, images of which will be 
formed at m and n. When the images m, n are in 
the anterier focus y^ of the eyeglass E, they will 
appear distinct and luminous points ; but when 



t 
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the eyeglass is pushjpd forward to W, so that/' is 
its anterior focus, the images m, n, instead of be- 
ing points as before, will be sections of the cone 
of rays . LL m, LL n, or circular, and well de- 
fined images of light, whose 4ianieters are a 6, cd. 
When the Jens, £ isbrougbt still farther forward 
to E", SO: that its anterior focus is at /% the. dia- 
meters of these circular images will incres^ to. 
* ^f y >, and the angular distance of their centres 
will diminish. Hence, by advancing the eyeglass 
E, till its anterior focus is at <p, .where the two 
circular images are evidently in cpntact^ we qV 

• r 

tain a measure of the angle s^ubti^nded by, the lu« 
minousf points MN, in the same way as in the iH-. 
vided object .glass . micrometer. The, contact: of 
the images wUl always take. place;at the point:^,' 
where the two cones of rays begin to separate; 
and, as this point is marked out by the intersec- 
tion of the two extreme rays which form the in- 
terior sides of each cone^ its distance from/ or 

f/, will not vary in the same ratio with mih ox 

-I 

the angle subtended by the luminous points MN. * 
In order,.. therefore, to find the nature of the 
scale, let L ^ tn, L p o, be the extreme rays which 
form the interior sides of each. cone, when inn 
represents the distance of the images, mr the aa^ 
gle subtended by MN> then,. 



! 
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innttJasz^ftfO, and 

innrz — ^ , that is, the angle will vary as 

» 

^ • Hence^ when the an^le is infinitely smalls 

^/ will be equal to O ; and consequently the scale 
will commence at f^ the focus of the lens LL. 
By determining, therefore, experimentally, thje 
angle subtended by the luminous points, for any 
^iven value of-^f, the scale may be easily con- 
structed. Thus, let G/, the focal length of LL, 
be 24 inches, and let it be found, from direct ex^ 
periment, that the two circular images are in 
contact, when the angle subtended by the lumi- 
nous points is 4 minutes, and when ^/is 6 inches. 
In order to determine the angle when ff is S 
inches, we have ^ G;= 18 inches when Pf^6\ and 
* G » 21 inches when ^/= 8. Hence, 

J : Y= ^ ' 1' 42" ^, consequently, the value of each 

unit of the scale may be accurately determined. 
It is manifest, that the same effect will be pro- 
duced by pulling out the eyeglass E beyond tite 
focal point/. The humnous points will expand 
into drcidar images as before, and these will come 



ifiiocd&tact wh^n^e eyeglass M is piiUed out to a 
pB^^r distance irom the focus ;; but this cUstaiite 
will always be greater than the torresponding d[is« 
tance wi^in the focus at which the contact tak^ 
place.* 

The scale, therefore, for measuring the angle 
ot the lununous points, might stretch in both 4i** 
rections from the fcims/; so that two measures 
of the angle will be oiitained, one when the eft*' 
glass is betwe^i the object glass and its focus ^ 
and Ae other when it is pulled o«t beyond that 
Sacus. T^e medium between these obserV'ations 
will tii^ be the angle required. 

As the focal length Of, not only varies witii 
the distance of the olgect, but olten suffers ^ 
considerable change from a varmtion of tempera- 
ture and from other causes, the scale should be 
moveable ; so that the index may always be at 
jsero, when the luminous points appear distinct 
and well defined to the observer. The luminous 
points are now broitght into the field of view, 
and the eyqpieee £ is made to^ approach the db- 
ject glass, ti^l the ciicular images are in contact. 
Ihe index will then mark upon the scale the an- 
gler distance of the pi^s. The observation 
« 

♦ See Book III. Chap, iii. pi 197. 
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may be repeated by pulling out the eyepiece be^ 
yond f^ tiU the circular images again touch each 
other^ and, if the scale does not give the same 
result, the medium of the two observation^. may 
be assumed as the true angular distance of the 
points. ' 

. In order to avoid the necessity of a moveable 
scale, the adjustment for a change of temperature, 
and for the aberration of focal length, may be ef- 
fected by placing the object-glass in a small, tube, 
which can be. pushed out or in about two inches r 
so that if the focal length of the object-glass is 
increased, the focal point /may be kept opposite 
to the; zero, of the scale by pulling out the object 
glass, tube ; and, on the contrary, if its focal length' 
is' shortened, the focal point may be kept station-, 
aiy by pushing in the object-glass. \ 

It is a curious fact, that the circular images, 
or the 'sections of the cone of .rays, are never so 
distinct and weU defined after the rays have 
crossed . at m and n, as they are before the rays 
have reached these points ; ' and, therefore, i it 
would be proper to place less confidence an > th^ ^ 
observations . taken beyond fy and to make thci 
scale .commence opposite to/ and stretch to- 
wfii^ds the object-glass of ^he^ telescope. In 
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this cas^ it is necessary to adjust the index to ze- 
ro, when the luminous points are seen distinctly. 

The only objection to which this micrometer 
seems to be liable is, that the expanded images 
will pot be sufficiently defined in order to perceive 
their mutual contact. The discs, however, are 
much better defined than could have been ima- 
gined ; and the distinctness of their termination 
must always increase with the goodness of the 
object glass. 

The preceding method of creating a luminous 
disc may be employed for other purposes in Prac-* 
tical Astronomy. In finding the right ascension 
of the fixed stars, we might ascertain the arrival 
of the east and west sides of their disc at the ver- 
tical wires of the transit instrument, and obtain a 
very accurate result, by taking a mean of the two 
observations ; and in the same manner, the obser-r 
ved altitudes of the north and south limbs would 
furnish us with a very exact measure of their 
declination. 

The same principle also conducts us to an ac- 
curate method of performing one of the most de- 
licate observations in Practical Astronomy, to 
measure the angle contained by a line joining the 
centre of two stars nearly in contact, and a line 
lying in the direction of their apparent motion* 
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This observation was first tried by Dr Herschel 
on double stars, for the purpose of ascertaining 
the angular motion of the smallest star round its 
companion. Replaced two wires AB, CD, Plate III. 
Fig. 2. in the field of view, one of wbidi, AB, had 
a motiem of rotation, so as to form every possible 
angle with the other. The moveable wire AB 
was then placed in the direction of the apparent 
motion of the star S, and the other wire CD was 
made to form such an angle with it, that both the 
stars arrived at this wire at the same time. The 
inclination of the wires, which Dr Herschel calls 
the angle of position, gives us the angle formed by 
the line joining the centres of the stars S,^, and the 
direction of their apparent motion. In this way 
of making the observation, the want of a visible 
disc in the star renders it difficult to place dne of 
the wirjBs parallel to the equator ; and there is a 
still greater difficulty in ascertaining the arrival of 
the largest star at the angular point, or the in- 
tersection of the two wires. By converting the 
images of the star, however, into luminous discs, 
as is represented in Fig. 3, we not only get rid 
of these difficulties, but introduce a new source of 
accuracy into the observation. Let the lumi- 
nous discs, therefore, be expanded till the one 
encroaches upon the other, and let one of the 



CHAP. IV. LUMINOUS IMAOE MICROMKTER. 47 

wires AB be so fixed that the southern limb of the 
lower disc may glide along its surface, it is then ob- 
vious that a line joining the two points m w, where 
the luminous circumferences intersect each other, 
is perpendicular to the line joining the centres of 
these discs, and will therefore form an angle COA 
with the fixed wire AB, equal to the complement 
of the angle SRO, which it is required to measure. 
By making the moveable wire, therefore, pass' 
through the two points where the luminous circles 
intersect each other, the micrometer will shew the 
complement of the angle required.* 

The application of this micrometer to a tele- 
scope for measuring distances, for surveying du- 
ring night, and for determining the position of 
a ship with respect to lights placed upon the 
coast, will be explained in Book III. The princi- 
ple of expanding a portion of light into a circular 
image, will be found of extensive use, and will be 
employed in a subsequent Chapter in the construc- 
tion of a general Photolmeter. 

• See Book II. chap. V. 
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CHAP. V. 



Description of a Circular Mother-of-pearl Micro- 
. . meter. 



In the Philosophical Transactions for 1791, the 
late Mr Tiberius CavaUo has described an ingeni- 
ous and simple micrometer, invented by himself, 
and excellently fitted for measuring smaU angles 
with accuracy and expedition. It consists of a 
slip of mother-of-pearl minutely subdivided, and 
stretched across the diaphragm that is placed in the 
anterior focus of the first eye-glass of an achroma- 
tic telescope. The angle subtended by any num- 
ber of its divisions is then ascertained by experir 
ment, and therefore the value of any other num- 
ber can be found either by simple proportion, or 
from a table computed for the purpose. 

This simple micrometer is very convenient in 
portable telescopes, where the eyepiece has a mo- 
tion about its axis ; but in telescopes supported 
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upon stands, where the eyepiece is moved by a rack 
and pinion, the slip of mother-of-pearl cannot turn 
round upon its axis, and, consequently, can only 
measure angles in one direction. This difficulty, 
indeed, might be surmounted by a mechanical con- 
trivance for turning the diaphragm about its cen- 
tre, or more simply, by giving a motion of rotation 
to the tube which contains the first and second 
eye-glasses. A9 such a change in the eyepiece, 
however, is often inconvenient and difficult to be 
made, Mr Cavallo's . micrometer has this great 
disadvantage, that it cannot be used in reflecting 
telescopes, or in any achromatic telescope where 
the adjustment of the eyepiece is effected by rack- 
work, unless the structure of these instruments is 
altered for the purpose. Another disadvantage of 
this micrometer arises from the slip of mother-of- 
pearl passing through the centre of the field. The 
picture in the focus of the eye-glass is broken into 
two parts, and the view is rendered still more un- 
pleasant by the inequality of the segments into 
which the field is divided. In addition to these 
disadvantages, the different divisions of the micro- 
meter are at unequal distances from the eye-glass 
which views them, and therefore can neither ap- 
pear equally distinct, nor subtend equal angles at 
the eye. 

D 
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The circular mother-of-pearl micrometer, is 
free from all these disadvantages, and has like* 
wise the benefit of a kind of diagonal scale, in- 
creasing in accuracy with the angle to be mea- 
sured. This micrometer, which I have often used, 
both in determining small angles in the hearens^ 
and such as are subtended by terrestrial objects, 
is represented in Plate III. Fig. 4, which exhibits 

• 

its appearance in the focus of the first eye-glass. 
The black ring, which forms part of the figure, 
is the diaphragm, and the remaining part is an 
annular portion of mother-of-pearl, having its 
interior circumference divided into 860 equal 
parts. The mother-of-pearl ring, which appears 
connected Ivith the diaphragm, is completely sepa- 
rate from it, and is fixed at the end of a brass tube, 
which is made to move between the third eye-glass ' 
and the diaphragm, so that the divided circumfe- 
rence may be placed exactly in the focus of the 
glass next the eye. When the micrometer is thus 
fitted into the telescope, the angle subtended by 
the whole field of view, or by the diameter of the 
innermost circle of the micrometer, must be deter- 
mined either by measuring a base, or by the pas* 
sage of an equatorial star ; and the angles subtend- 
ed by any number of divisions or degrees will be 
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found by a table constructed in the following man-* 

ner. 
Let A mp n b, Plate III. Fig. 6. be the interior 

circumference of the micrometer scale, and let mn 
be the object to be measured. Bisect the arch 
fnninp, and draw Cm, Cp, Cn. The line Cp 
will be at right angles to mn, and therefore mn 
will be twice the sine of half the arch mpn. Con** 
isiequently, AB :mn=z Rad : Sine of i mpn ; there^ 
fore mn X Rssin. ^mpn x AB, and mpn^ 
sin. ^pit ^ ^g ^^ ^ formula by which the angle sub- 
tended by the chord of any number of degrees 
may be easily found. The first part of the formu- 
la, viz. ^^*g^^ is constant, while AB varies with 

the size of the micrometer, and with the magnify^ ^ 
ing power which is applied. We have therefore 
computed the foUpwing Table, containing the va- 
lue of the constant part of the formula for every 
degree or division of the scale. 
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Constant { 

part of I 

the I 

Formula.. 



1 

3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
U 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 



.0087 
.0174 
.0262 
.0349 
.0436 
.0523 
.0610 
.0698 
.0786 
.0872 
.0968 
.1046 
.1132 
.1219 
.1306 
.1392 
.1478 
.1664 
.1650 
.1756 
.1822 
.1908 
.1994 
.2079 
.2164 
2260 
.2334 
.2419 
.2604 
.2588 
.2672 
.2766 
.2840 
.2923 
.3007 
.3090 



37; .3173 

381 .3256 

39 .3338 

40 .3420 

41 .3602 

42 .3684 

43 .3665 

44 .3746 
46 .3827 

46 .3907 

47 .3987 

48 .4067 

49 .4147 
60 .4226 
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52 
53 

55 
66 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 



.4305 
.4384 
.4462 
.4640 
.4617 
.4696 
.4771 
.4848 
.4924 
.6000 
.5076 
.6160 
.5225 
.5299 
.6373 
.6446 
.6619 
.6692 
.6664 
.6736 
.6807 
.6878 
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Constant 
part. 



73 

74 

76 

76 

77 

78 

79 

80( 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

921 

93 

94 

95 

96 

97 

98 

99 

iOO 

101 

102 

103 

104 

106: 

106 

lOT 

108; 



5948 
6018 
6088 
6167 
6226 
6293 
6361 
6428 
6494 
6661 
6626 
6691 
6766 
6820 
6884 
6947 
7009 
7071 
7133 
7193 
7264 
7314 
7373 
7431 
7490 
7547 
7604 
7660 
7716 
7771 
T826 
7880 
7934 
7986 
8039 
8090 



a 



Constant 
part 



109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
1119 
120 
121 
122 
123 
124 
126 
126 
127 
128 
129 
130 
131 
132 
133 
134 
136 
136 
137 
138 
139 
140 
141 
1421 
143 
144 



.8141 
.8192 
.8241 
.8290 
.8339 
.8387 
.8434 
.8480 
.8526 
.8672 
.8616 
.8660 
.8704 
.8746 
.8788 
.8829 
.8870 
.8910 
.8949 
.8988 
.9026 
.9063 
.9100 
.9136 
.9171 
.9206 
.9239 
.9272 
.9304 
.9336 
.9367 
.9397 
.9426 
.9455 
.9483 
.9511 






Constant 
part. 



146 
146 
147 
148 
149 
160 
151 
162 
153 
164 
156 
166 
167 
168 
159 
160 
161 
162 
163 
164 
166 
166 
167 
168 
169 
170 
171 
172 
173 
174 
176 
176 
177 
178 
179 
180 



.9637 
.9563 
.9688 
.9613 
.9636 
.9669 
.9661 
.9703 
.9724 
.9744 
.9763 
.9781 
.9799 
.9816 
.9833 
.9848 
.9863 
.9877 
.9890 
.9903 
.9914 
.9^6 
.9936 
.9946 
.9954 
.9962 
.9969 
.9976 
.9981 
.9986 
.9990 
.9994 
.9996 
.9998 
.0000 
.0000 
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In order to find the angle subtended by any 
number of degrees, we have only to multiply the 
constant part of the formula corresponding to that 
number in the table by AB, or the angle subtend- 
ed by the whole field. Thus, if AB is SO minutes, 
as it happens to be in the micrometer which I have 
constructed, the angle subtended by one degree of 
the scale wiU be 30' x ,0087 = 15| seconds, and 
the angle subtended by 40 degrees will be SO' x 
•S42 =10' 15".6; and by making the calculation 
it will be found, that as the angle to be measured 
increases, the accuracy of the scale also increases; 
for when the arch is only 1 or 2 degrees, a varia- 
tion of 1 degree produces a variation of about 16 
seconds in the angle ; whereas; when the arch is 
between 1 70 and 1 80, the variation of a degree 
does not produce a change pf mucjb more than one 
second in the angle. This is a most important ad- 
vantage in the circular scale, as ip Cavallo's micro- 
meter a limit is necessarily put to the size of the 
divisions. 

It is obvious, from an inspection of Fig. 4. Plate 
III. that there is no occasio^ for turning the circular 
micrometer round its axis, because the divided cir- 
cumference lies in every possible direction. In Fig. 5, 
for example, if the object has the direction a 6, it 
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will be measured by the arch aob; and if it lies in 
the line erf, it will be measured by the arch crd. 

In the circul^ir micrometer which has been men- 
tioned, AB, or the diameter of the field of view, is 
exactly half an inch, the diameter of the brass 
tube in which it is jfixed one inch, the length 
of the tube half an inch, and the degrees of the 
divided circumference rnrth of an inch. 



I 
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CHAP. Vfc 

Description of a Rotatory Micrometer with Points. 

In this instrument, a fine steel point s, Plate lit. 
Fig. 6, is firmly fixed in the anterior focus of the 
first eye-glass of a telescope, so as to be distinctly 
visible in the field of view. Another steel point t 
of the same kind projecting into the field, is fixed 
to that part of the eye-tube which contains the 
first glass. This tube has a motion of rotation 
about the axis of the eye-piece, by means of which 
th^ moveable point t may be brought to coincide 
with the fixed point s, and may be separated from 
it in the circumference of a circle. The separation, 
or the distance of the two points^ is always equal 
to the chord st of the arch ^^ Bi which lies between 
them ; and consequently the angle subtended by 
the two points in one position, is to the angle 
which they subtend in any other position, as the 
chords of the arches through which the move- 
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able point must travel to make the two points co- 
incide. In order to find these arches, therefore, 
the eye-piece of the telescope carries a circular 
head CD, Plate III. Fig. 6, divided into 860% and 
firmly fixed to the eye-tube T. From the centre 
of the head there rises an annular shoulder, con<r 
centric with the tube, and containing a diaphragm 
with the fixed point. The part of the eye-piece 
AB which carries the first eye-glass, contains al^o 
a diaphragm with a steel point, and is screwed 
into the shoulder O of the part of the circular head 
EF, which carries thie vernier V, The ring EF is 
fitted in such a manner as to move upon the aiinur 
lar shoulder rising ftrom CD ;rTf-so that by turning 
round the tube AB, a rotatory motion is commur 
nicated to the vernier V, and to the steel point in 
one of the diaphragms, while the other steel point 
remains immoveable. 

In using this instrument, therefore, we have on- 
ly to direct the telescope to any object, and sepa- 
rate the steel points till they exactly cover the two 
points which contain the angular distance requi- 
red ; and as the index will point to O degrees when 
the points coincide, it will now shew upon the 
graduated head the arch which lies between the 
points. The angle corresponding to this arch 
may be found by nieans of tbQ Table in the prqr 
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ceding Chapter, in the manner which has been al- 
ready explained. 

When the angle corresponding to the diameter 
of the circle in which the moveable point revolves 
has been experimentally determined, the angles 
themselves, expressed in minutes and seconds, 
might be inserted on the graduated head AB. 

It is obvious, that the moveable point t may be 
separated from the fixed one, by many other con- 
trivances than the mere circular motion of the 
eye-tube. The method represented in the figure 
is the most simple, and perhaps the best, when the 
centering is well executed ; but if we wish to en- 
large the scale, the separation of the points may 
be effected, by means of a pinion working in the 
teeth of a wheel, to which the moveable point is 
attached. The fixed point might perhaps be adr 
vantageously placed in the focus of the whole eye- 
piece, while the moveable one revolves in the fo-r 
cus of the first eye-glass, so that both the points 
may be seen with perfect distinctness, — an effect 
which cannot be obtained with complete accuracy, 
when they are both in the anterior focus of the 
same lens, and when, at the moment of coinci- 
dence, the one is behind the other. 

The same principle which is employed in the 
construction of this instrument, may be applied 
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■to a divided object*g]as95 tj^ one semilens having 
a motion of rotation round the other; so that the 
distance •between their centre?, and cOAsequently 
the a^le subtended by the line joining the cen- 
tres of the images, may constantly vary during a 
xomidete iSTolution. 
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CHAP. VII. 

Description of an Eye^piece Wire Micrometer.''^ 

The general principle upon which this instru- 
ment is founded, is the same as that which we 
have explained in the first Chapter of this Book. 
In the micrometer which is there described, the 
angle of a pair of fixed wires is increased and di- 
minished, by the motion of a second object-glass 
along the axis of the telescope ; while, in the pre- 

* An instrument of nearly the same kind with that which 
is the subject of the following Chapter^ nas been described by 
Mr Ezekiel Walker, in the Philosophical Magazine for August 
1811, Vol. xitxviii. p, 127^ as a new invention of his own. I 
certainly cannot suppose, that this ingenious writer had an op- 
portunity of seeing any of the instruments of this kind, which 
had been constructed under my direction. So early as the end 
of the year 1805, I sent a drawing and description of the 
eye-piece micrometer to Mr Carey, optical instrument maker, 
London. In 1806, one of the instruments made for me by 
Messrs Miller and Adie, Edinburgh, was examined by Professor 
Playfair ; and since that time it has been in the possession of 
a firiend in London. The only variation in the instrument 
proposed by Mr Walker is, the use of the lines on ^ slip of mo- 
ther-of-pearl, instead of the silvpr wires. 
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sent instrument, the variation of the angle is ef- 
fected by separating the two parts which compose 
an achromatic eye-piece ; or when the eye-piece 
consists of two or three lenses, by separating the 

• 

lens next the eye from the remaining lenses. If 
the small tube, which contains the field-glass and 
the first eye-glass, be pulled out beyond its natu- 
ral position, the magnifying power of the instru- 
ment will be increased ; and if the same tube be 
pushed farther in than its natural position, the 
magnifying power will be diminished. It will be 
found in general, that if the tube already mention- 
ed be allowed to move over the space of four in- 
ches, that is, about two inches on each side of its 
natural position, the magnifying power at one ex- 
tremity of this space will not be very far from 
double of what it is at the other extremity. 

The eye-piece micrometer is represented in Plate 
III. Fig. 7, with all the lenses in their natural posi- 
tion. The part AFG, containing the two lenses A, C, 
is fixed to the telescope, and a sp^ce is left between 
the tube AC and the outer tube, in order to per- 
mit the moveable part of the eye^piece to get suf- 
ficiently near to the lens C, and also to a sufficient 
distance from it. The other tube DB, containing 
the field-glass D, and the first eye-glass B, is mo- 
ved out and in by a rack and pinion £. The scale 
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is engraven upon the upper surface I n, and the di* 
visions are pointed out by the index of a vernier 
placed at the extremity m of the outer tube FG. 
The zero of the scale is the point marked out by 
the index of the vernier, when the tube DB is 
pushed in as far as possible ; and the divisions may 
be read off, if necessary, by means of a convex 
glass at F, fixed to the tube AFG. 

The nature of the scale, by which the variations 
of the angle are measured, might be accurately de- 
termined by direct experiment ; but as it may be 
more convenient to fix the value of the divisions 
by calculation, we shall now point out the method 
by which this may be done. 

Let us first suppose, that the eye-piece consists 
of two lenses, placed at a distance greater than 
the sum of their focal lengths, as in Plate III. 
Fig. 8, where O is the image formed by the tele- 
scope, B the first, and A the second eye-glass. 
Let the image formed by the lens A be at o. Bo 
will be the focal length of B, when the image is 
seen distinctly through the telescope. By pul- 
ling out the lens B to B', the image o must be 
formed at o', when it is seen distinctly in this new 
position, B' o' being equal to B o ; and the conju- 
gate focal length of A will now be A o', instead 
of A 0. But, in order that an image of O may be 
formed at O', the whole eye-piece, must be brought 
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nearer to O, or O must be brou^t nearer to A, 
so that their distance is AO'. The change of mag- 
nifying power, produced by the lens A ^one, is, 
in the first position of the lenses, equal to ^rt, or 
(calling A = 0* and AO = cf) = ^; and, in the 
second position, = Tfy^ 3»- Now, if /= focal 
length of A, we have, by the principles of opticis, 
d= -^4, and dividing a by this expression, we 
have — f^=^j^=% — 1 for the magnifying power, 
as produced by the lens A alone. Now, calling 
f:s 2, ■ a =s 6, a' — 1, a'= 8, we shall have the 
magnifying power = 2, 2j, 3, and the angles are 
inversely proportional to the magnifying powers. 
Calling the greatest angle 10, we shall have the 
results in the following Table : 
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From these results, it appears, that the scale 
which measures the variation of the angle is not 
a scale of equal parts ; that is, equal changes in 
a, or in the position of the lens B, do not corres- 
pond to equal variations of the angle. 

If there are three lenses in the eyepiece, as in 
Plate III. Fig. 9., and if the variation of power 
is produced by the motion of the third lens C, 
the conjugate focal length of the lens B will ob- 
viously vary with the motion of C, as the image 
must always be formed at o, the anterior focus of 
C. Let us now call B o = a, /= foc^ length of 
B» m = BA, F = focal length of A, d=: BS, the 
distance from B of the point S, from which rays 
must diverge, in order to be refracted to o, or, 
which is the same thing, the distance from B of 
the point S, or virtual focus of the diverging rays 
after they are refracted by the lens A ; and D = 
the distance of the image O, formed by the ob* 
ject glass from the first lens A. Since the rays 
proceeding from O diverge after refraction through 
A, as if they proceeded from S, and are after- 
wards converged to o by the lens B, it is manifest 
that and S are conjugate foci of the lens B ; 
so that we have, by the principles of optics, 

BS ^ d ^ -^r. Then, since AS = d — iw, and 

i^nce S is the virtual focus for rays diverging fromO, 
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a point nearer to A than its principal focus, we 

have 

AS xF 



AO = D = 



AS + F 



, or, AS being = d — m. 



D = 



F X d — m 



d — m + F' 

but the magnitude of the image at o, is, to the 
magnitude of the image at O, as a : D ; hence, 
the magnifying power produced by the two lenses 

A, B, will be = -g, or the magnifying power 

^« X d — m + F 

21 T * 

F X d'^m 

Now, supposing F = 15, /= 20, a=: SO^ 33, 
40, &c. m :;= 2S, and the greatest angle = 10, we 
shall have the results in the following Table* 
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5.08 i 
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It appears from these results, that the scale 
which measures the changes of the angle is not a 
scale of equal parts. 
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When another lens is interposed between B and 
its conjugate focus o, as in Fig. 9., so as to con- 
stitute the common achromatic eyepiece, the mag* 
nifying power produced by these three lenses will 

be = --— X v,^ —^+ where 9 is the focal 

length of the Sd lens, and x its distance from the « 
fieldbar. In this case, the scale will be the same 

as in the last case, j-v^ ^^^S * constant quanti- 
ty, since the distance between the field-glass and 
eye-glass is invariable. 

We have already said, that the value of the 
scale of this micrometer might be advantageous- 
ly determined by direct experiment. This may 
be done very accurately by the method which has 
aliteady been described in Chap. I. of this Book, 
by observing how much of an object at a given 
distance is comprehended between a pair of wires, 
when the moveable part of the tube is pulled out 
1,8, 8, 4, &ct. divisions of the scale successively. 
The intervals thus embraced by the wires will 
give the proportional value of each unit of the 
scale ; so that, by simple proportion, their real 
vJBtlue in minutes and seconds may be found for 
different p^irs of wires. 

The folipwing method, however, is more simple,. 

E 
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and perhaps equally accurate. After having found 
the greatest angle subtended by a pair of wires, 
placed in the focus of the eyeglass, or the angle 
when the index is at the zero of the scale, by the 
method in Chap. I., take the eye-,piece put of 
the telescope, and having pushed the tube which 
contains the moveable lens or lenses as far 
in as possible, direct it as a microscope to a 
scale minutely divided.* Mark the position of 
the index wiien the wires comprehend exactly a 
certain number of these divisions, say 50, which 
they may be made to do, by a very trifling motion 
of the moveable tube, and make this point the 
zero of the scale. Let the moveable tube b^now 
puiled out till the wires successively comprehend 
48, 46, 44, 42, &c. of the divisions, or any other 
numbers, diminishing in arithmetical progression, 
and mark these points upon the tube^ By this 
means, a scale will be formed, in which the divi- 
sions correspond to equal variations in the angle. 
If it should be found convenient to divide the scale 
into equal parts, the value of the divisions may be 
found in the same way* 

The principle of the eye-rpiece micrometer may 

* The beautiful micrometrical scales constructed by Mr 
Coventry, are admirtbly adapted for this purpose. 
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be applied with some advantage in the construe* 
tion of a double image micrometer. The two im- 
ages may be formed either by two semilenses fix- 
ed at an invariable distance, and substituted in 
the place of the principal object glass, or by bi- 
secting the third eye-glass, and fixing its seg- 
ments at a given distance. The angle subtended 
by the centres of these double images, would then 
l)e varied by the motion of part of the compound 
eye-glass, and this variation w6uld be measured 
by a scale constructed in the way which has al- 
ready been described. 

In the seven preceding Chapters, we have brief*- 
jy described several new micrometers, which ap- 
pear to possess considerable advantages. We 
shall now notice some other principles of construc- 
tion, which may on some occasions be successfully 
.employed in the mensuration of small angles, 
though they are not perhaps of sufficient import- 
ance to demand a separate Chapter. 

A very simple micrometer, with double images, 
may be constnictied by dividing the third eye-glass 
#f an achi'omatic eye-piece, and fixing the seg- 
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ments at an invariable distance* The angle form- 
ed by the line joining the centres of the two im- 
ages, may then be varied at pleasure^ either by 
separating one half of the eye-piece from the o*^ 
ther half, or, what is still better, by moving a 
lens between the object-glass and its principal fo- 
cus. If the first method is adopted, the aiigie will 
vary in the same manner as in the wire.microme*- 
ter described in Chapter I. ; and if the second 
method is employed, the variation of the angle 
will be the same as in the eyepiece micrometer 
described in this Chapter. 

Another micrometer, with double images, may 
also be formed, by bisecting the small mirror of a 
Gregorian or Cassegrainian telescope, and mak- 
ing the angle subtended by the centres of the two 
images vary by the motion of the eye-piece, as. 
in the micrometer described in Chapter II. 

Ill microscopical observations, where it is requi* 
red to measure the magnitude of minute objects, 
the angle which they subtend may be varied by 
immersing the objects themselves, as well as the 
object-glass of the microscope, in some fluid whose 
reftmctive power can be easily changed by the ad- 
ditiim of another fluid. In consequence of this Ta- 
rjation of refractive power» the naa^ifying power 
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of the microscope suffers a corresponding change ; 
and therefore a pair of wires, or any other body 
pliEiced either in the focus of the eye-glass, or in the 
focus of the microscope, will subtend different an- 
gles at the eye of the observer. The proportion 

m 

of the two fluids becomes, in this case, the scale 
which measures the angular variations. This prin* 
ciple, which has a very extensive application in the 
construction o^ instruments, wiU be more ftiUy ex« 
plained in Book V* 
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CHAP. VIIL 



On the Application of some of the preceding Micro- 
meters to Microscopes. 



X HE attempts which were first made to measure 
the size of microscopical objects, were extremely 
rude and imperfect. Leeuwenhoek estimated the 
magnitude of minute bodies by comparing them 
with small grains of sand, one hundred of which 
were equal to an inch in length. Dr Jurin made 
a similar use of small pieces of silver wire, the 
diameter of which he determined by wrapping 
the wire round a cylindrical pin, and observing 
how many breadths of it were equal to an inch. 
The most valuable contrivances, however, of this 
nature, are the beautifully divided scales which Mr 
Coventry has formed upon ivory, glass, and sil- 
ver. These scales are constructed with a degree 
of minuteness and accuracy which have never 
been surpassed, and are of the greatest use in 
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microscopical observations^ and in many physical 
researches. 

The first application^ of the screw to a micro- 
scope^ was made by Mr Benjamin Martin. A 
long and slender screw was made to traverse the 
field of the microscope at the anterior focus of 
the eye-glass ; and the size of any part of an ob- 
ject over which its extremity passed, was mea-^ 
sured by the number of revolutions and parts of 
revolutions which the screw had performed, — the 
part of an inch corresponding to any number of 
revolutions having been previously ascertained by 
es))eriment. 

The application of the screw has been brought 
to great perfection in the micrometer microscopes, 
which have of late years been employed for read- 
ing ofi* the divisions on the limbs of circular 
instruments, and for measuring the dilatation and 
contraction of bodies by heat and cold ; but al- 
most no attention has been paid to the construc- 
tion of simple and accurate micrometers for mea- 
suring ,^he size of microscopical objects. 
. The principle employed in the new wire micro- 
meter is obviously applicable to the compound mi- 
ctoscope. The variation of magnifying power 
may be effected either by giving the amplifying 
lens a motion along the axis of the microscope. 
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« 

while the object-glass and eye-giass are station* 
ary,— or this motion may be communicated to the 
eye-glas^ and amplifying-glass, placed at a con- 
stant distance in the same tube. A scale of 
known dimensions, engraven upon glass, should 
then be placed in the anterior focus of the eye- 
glass, so that the divisions may be seen distinct- 
ly when the instrument is adjusted to the micro- 
scopic object. If the part of the object which 
we wish to measure does not occupy any ex- 
act number of the units upon the scale, the 
angle which H subtends may be increased or di- 
minished by altering the position of the moveal>le 
lens or lenses, till the part of the object exactly 
coincides with a certain number of units. The 
space described by the lenses will then be a 
measure of the variation of the angle, and con- 
sequently of the size of the olgect ; the magni- 
tude of one or more of the divisions on th^ scale 
having been previously ascertaihed by experi« 
ment. As some light must be lost by the inter- 
position of the glass scale, the circular mother^ 
of-pearl micrometer might be placed in the an- 
terior focus of the eye-glass, and used in the man-* 
ner already described in Chapter V. of this 
Book ; and each unit of the scale may be agais 
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subdivided by the method which we have now 
beeli Explaining. 

Of all the micrometers, however, which can be 
applied to the microscope, the rotatory microme- 
ter (see Chapter VI.) is by far the most simple. 
It is constructed in the same way for a micro- 
scope as for a telescope ; and when we have once 
determined experimentally the space which cor- 
responds to the greatest distance of the two steel 
points, the space which they comprehend, at any 
other position, may be easily found. In using 
this instrument, therefore, we have only to sepa- 
rate the steel points till they embrace the object,, 
or part of an object, which it is required to mea- 
sure ; and^ by the angular distance of the points 
in d^rees and minutes, as observed upon the cir- 
cular divided head, we may find from the table in 
p. 52, the length of the correspcHuting chord, and 
consequently the magnitude of the object requi- 
red. 

The expansion c^ luminous points into circu* 
lar images, might also be employed to measure 
the magnitudes of minute objects ; and the prin-^ 
ciple of double images, as explained in Chapter 

II., might be applied with equal success. * 

« 

* See the but p«Migraph of the preceding Chapteiv 
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CHAP. IX. 

On the Fibres proper for Micrometers^ and on the 
Method of Adjusting them in the Focus of the 
Eye-glass. 

. • * " ' * 

.In the micrometer constructed by Huygens, the 
object whose angle was required, was comprehend- 
ed between the edges of two plates of brass. Sil- 
ver wires, and sometimes hairs, were afterwards 
substituted instead of the plates, and continued in 
use till about the end of the last century. The 
finest silver wire ever made was drawn in France to 
the thickness of t^ of an inch. The plates used 
for this purpose, and the secret of making them, 
are said to have been lost amid the convulsions of 
the revolution. The smallest silver wire which is 
made in this country does not exceed ^f^ of an 

inch. 

/ 

The impossibility of obtaining wire of a diame- 
ter sufficiently minute for micrometers, induced 
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Felix Fontana,* in 1775, to recommend the spi- 
der's web as an excellent substitute for silver wire. 
According to La Lande, Fontana found some of 
these fibres so small as the 8000th part of a line, f, 
or the 96,000th part of an inch, and he always em- 
ployed tifiose that were newly made. This ^ug- . 
gestion of F(mtana, however, did not excite much 
notice, till the use of the spider's web was intro- 
duced by the celebrated Mr Edward Troughton, 
who found this fibre to be so fine, opaque, and elas- 
tic, as to answer all the objects of practical astro- 
nomy. We are informed, however, by this distin- 
g^shed artist, that it is only the stretcher, or the 
long line which. supports the web, that possesses 
these valuable properties. The other parts of the 
web, though equally fine and elastic, are very 
transparent, and therefore completely unfit for 
micrometrical fibres. The difficulty of procuring 
the proper part of the spider's web, has compelled 
many opticians and practical astronomers to em- 
ploy the raw fibre of. linwrought silk, or, what is 
much worse, the coarse silver wire which is manu- 

* Saggio del realgabinettodi^fisica e di storia naturale de Fi^ 
renze, Rom. 1775, 4to, quoted by La Lande. 

t We suspect that some error has been committed . in this* 
measurement The 96^000th part of an inch is too minute a por- 
tion of space to be seen distinctly even by very powerful n^ 
croscopes. 
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factured in this country. But whatelr€r he the 
comparative advantages of these difierent substan^^ 
ces, they are all liidile to the error ariring from the 
inflexion of light, which renders it impossible to 
asce^rtain the exact contact between the fibre and 
the luminous body. This disadvantage, has been 
experienced by every astronomical observer, and 
has alwajrs been considered as inseparable from the 
wire micrometer* After numerous trials, I have 
succeeded in obtaining a delicate fil^e, which ap* 
peairs to remove the error of inflexion, while it pos<« 
sesses the requisite properties of opacity and elas^ 
tkity^ This fibre is glass, which is so exceedingly 
ductile that it can be drawn to any degree of fine« 
ness, and can always be prpcured and prepwed 
with facility,-'— a circumstance of no small impoFi^ 
t^ce to the practical astronomer, whois.firequent* 
ly obliged to send his micrometers to a great di^ 
tance when they require to be repaired. 

When the vitreous fibre is formed, and stretch«^ 
ed across the diaphi*agm of the eye-piece of a te^ 
lescope, it wiir^pear perfectly opaque, with a 
delicate line of light extending along its axis. 
This central transparency arises from the refrac- 
tion of the light which falls upon the edges of 
the cylindrical fibre, and therefore the diameter 
of the luminous streak must vary with that of 
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flie tSbxe itscif. Iil a mkromaiier .wfakh we Imwe 
fitted up in this way, the glass fibres axe abevit 
tiiie ISOOtJl^i^ of ah inch in diraieter> rad the 
fringe of light! wlilcii stopetdbfts across thw aaus»: 
Ssv^btinctly YisUilei thoii^ it does not exeeed in 
dkmetec the SOOOtik part of an indi. In usii^ 
these £lir^s for measuring the ai^fe subtended by 
twoJunumnis points, whether they be two stars^ 
or file oppprite- extr^mties of a luminoDS dise^ 
we may, as has hitherto been done, sefftarate the 
fibres tftU. thie -faitttinous pourtfr are isi contact with 
Aeir interior smsfeoes ; but,/ in order to ancNid the 
mtoT arising fiom inflegii<Hi, we wouM prc^se that 
the sejHnration shouhl be continued till the rays of 
fight issuing from thelanilnous points ^east throng 
the tr^i^arent axes of the fibves. The ri^jt, thiia 
tmnsmittai, suffer nakritexion in pissing tbrough 
ike fibre to the eyev and besides this adiraatage^ we 
have the benefit of a delicate line, about one-thti4 
of tiie diameter of the fibre itoel€. 

On some; occasions we hayxi? .employed tb^adsr 
a£ melted sealing'^wax, whidit may be maite ex-s 
tremely fine, though not of such a regular diame- 
ter as silver wire» or the fibms of glaas ; and it is 
a very singula]? fiict, that one of these fibres of 
wax was exposed, without ii^u^^ to the heat of 
l^e sulEi, concentrated in^ the focus of an objects 
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glass, with' an aperture* of 2*3 inches*, and 2d' 
inches in focal length: 

These fibres * are' placed in delicate parallel 
gfooYes farmed upon the diaphragm of the first eye- 
glass, and may be fixed in their places, for tempo- 
raiy purposes, by a thin layer of bees-wax; — ^bnt 
when the J are requirdi to be kept at an invariable 
distance, it is safer to. pinch them'to the diaphragm 
by a sipair screw-nail near the extremity of each 
wire. 

The diaphragm should be constructed so as to 
miove along the axis of the eye-apiece, in order that 
the fibres may be placed exactly in the anterior fo- 
cus of the first eye-glafes ; and before any observation 
is made, the eye of the observer ought to be fixed 
fm'a short time upon the fibres alone, till it is ac- 
cbmmodated to that distance, and while it is thus 
fixed, distinct vision should be produced by the 
motion of the eye-tube. By attending to this 
suggestion, which i& of great [iractical importance, 
tiie rays that diverge from the " fibres; and those 
that diverge from the distinct image, will unite on 
the same points of the retina. F^om the great 
facility which the eye possesses of adjusting itself 
to diffierent distances, the adaptation of that organ 
to the fibres and to the image, could uot have been 
effected by looking at the image alone, while dis- 
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tinct vision was produced by the motion of the 
eje-piece, for as the eye has not any permanent 
focus like a lens, the image might appear distinct 
before the pencils of rays had actually converged 
to a point; and when this does happen, the rays 
proceeding from the fibres cannot unite with those 
proceeding from the image, on the same points of 
the retina, 

When the micrometer is employed in terrestrial 
observations, the end of the eye-tube into which 
the observer looks, should be furnished with an 
aperture smaller than that i^^hich is used for com- 
mon purposes, and this small aperture should be 
used when the sun shines, or when the light of the 
day is very great. If the fibres happen to be small, 
they will either cease to become visible in very 
strong light, or will appear to have a kind of vi- 
bratory motion which injures the eye of the obser- 
ver, and prevents him from making the observa- 
tion. Hence it becomes necessary to diminish thp 
jiight by means of a s^iall aperture. 



B O O K II, 

« 

ON 

INSTRUMENTS FOR MEASURING ANGLES 

WHBN THE 

EYE IS NOT AT THEIR VERTEX. 



From the subject of micrometers for measuring^ 
the angle subtended at the eye of the observeir. 
by a line joining any two points^ we are naturally 
led to consider the construction of instruments 
for meaisuring angles^ when the eye. is not pla^: 
ced at their vertex. Instruments of this kind: 
hav^ an extensive and important application m 
the arts and sciences; and while they may be em« 
ployed for a variety of inferior purposes, they are. 
particularly useful for measuring the angles of 
crystals, the inclinatbn of strata, the declivity of 
mountains, and the horary angles of the fixed stars. 
' The principle upon which several of these ia-. 
struments are foraiedj is. derived from the sinqde; 

F 
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theorem in optics, that the images of objects, 
formed by reflection from a plain surface, have 
the same position, with respect to the reflecting 
surface, as the objects themselves. If the object, 
therefore, be a straight line, the angle which it 
forms with the reflecting plane will be equal to 
the angle which the image forms with the same 
plane, and the angle contained by the straight 
line and its image will be double of either of these 
angles. Hence it follows, that when the angle 
which the straight line forms with its image is 
equal to two right angles, or when the object and 
its image form one line, the straight line will be 
at right angles to the reflecting surface. This iA 
obvious from Plate V. Fig4 1., where CD is the 
reflecting plane, and AB a straight line inclined 
to it at any angle. The angle DB a, which its 
image B a forms with the plane CD, will in every 
poBiti(m be equlil to. the angle DBA^ which tibe 
abject forms with the ^mie plane.; and therefore, 
when tiie object A'JB, and its image B a', fotm one 
straight line A' a', the line A'B is perpendicular 
to the reflecthig surface ; for the angle A'BD be- 
ing equal . to a' BD, they arc both right .uigles. 
If the straight line AB forms the acute an§^ 
ABD: with tte reflectit^. suirfiace,% and is viewed 
hY the eye in the direction CD, it will then ap- 
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*|iear to fbnn oae line with its image A a, and 
will be at' right angles to the line cd, which is 
perpendicular to CD. Hence we may conclude, 
in^ general, that when £uiy straight line appears 
•to form one line with its reflected image, it is at 
right angles to a line in the reflecting surfacie, 
perpoidicular to the axis of the eye. . If we now 
•si^pose the reflecting surface to receive a rotato- 
ry motion in a plane passing through c d at right 
aaglea to the axis of the eye CD, till any rectir 
ii&eal object forms the same straight line with its 
inu^, we then obtain the relative position of th6 
cdbject to the reflecting plane; and the inclination 
of this plane being measured lipon a graduated 
arch, gives us the relative position of the object 
to the horizon. By determining, in this manner, 
the respective inclinations of two lines which cut 
each other, to the ht»izon, or to any other plane, 
and by taking the .difference of these iticltnatioiifl^ 
we obtain the angle which they foitn with one 
another. 

The application of this principle consrt;ittttes the 
Klinometer for measurii^, with the naked eye, 
the apparent inclination of strata, &c. ;— »^the goni- 
ometrical microscope for determining th^ angles 
formed by lines, or by th6 common .sectioris of 
the planes of crystals ; and the goniomdtrical te- 
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lescope, for measuring the apparent inclination of 
lines when great accuracy is required, or when 
the object is too distant to be eicamined by the 
naked eye. 

If, instead of measuring the apparent isidina- 
tion of a line to the horizon,, we wish to asceartain 
the angle formed by two reflecting surfaces^ we 
have only to give a motion of rotation to the rei* 
fleeting surfaces in a plane perpendicular to their 
common section^ and mark, by means of the con^ 
tinuity of the object and its image, the positions 
in which any distant line is at right angles to a 
line in the reflecting surface, perpendicular to the 
axis of the eye. The arch intercepted between 
these two positions, is the supplement of the am 
gle formed by the planes. The same result would 
have been obtained, if the reflecting surfaces had 
been stationary, and a rotJatory motion communi- 
cated to the rectilineal object. If AB and BO, 
Flate V. Fig e., for example, are sections of the 
reflecting surfaces, and MN, OP, the ri^t liaed 
object in two positions, and perpendicular to the 
surfaces AB, £C, then the angle MDO, or the 
arch MO, is the supplement of Ute angle ABC; 
for, in the quadrilateral figure NBPD, the tuiglies 
«t N and P are right, and, therefore, the. angles 
At B and D. are^ together, equal to two right mh 
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gles ; consequently the angle MDO is the supple- 
ment of the angle ABC. Upon this principle 
depends the goniometer for measuring the angles 
of crystals, which will be fully described in a sub- 
sequent chapter. 
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CHAP. I. 

Description of a Klinometer. 

Tjiis instrument, which is intended to measure 
with the naked eye the apparent inclination of 
strata,* the declivity of mountains, and the appa- 
rent magnitude of angles, when the eye is not at 
their vertex, is represented in Plate IV. Fig I., 
where AB is a graduated quadrant, about three 
inches radius, fixed on the base BF, £D. The 
arm CM, which carries the vernier scale MN, 
moves round the centre C of the quadrant. This 
arm likewise carries a frame 6H, inclosing a 
reflecting plane, made of black glass, or any 
other reflecting substance, which moves upon 
pivots a and 6, in a plane perpendicular to that 
of the quadrant. When the instrument is to be 
used, it is adjusted to a horizontal plane by the 

* A very ingenious Klincnneter for measuring the dip and 
the bearihg of strata^ when the observer is able to reach them^ 
has been invented by Lord Webb Seymour. 
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level LI; and the three finger screws D, E, F. The 
moveable arm is then shifted along the graduated 
atchy till the reflected unage of the stoatum seen 
in the black mirror is continuous with the direct 
image. The arch, intercepted between the index 
^ the vemi^ and the beginning of the scale, 
will shew the angle of inclination. The reason 
of this is iDbvious from Plate Y. Fig. 8., where 
Ct) is the stratum, and EF the reflecting pl^ne* 
The triangles DBE and DGE are obviously simi-» 
lar, and hence the inclination of the stratum, or 
the angle DBE is equal to the angle DEC, and ii 
consequently measured by the arch AF. If we 
wish to detiermine the angle formed by two lines; 
there is no occasion for adjusting the iiistrum^t 
to a horizontal plane^ as the value idf the angle is 
equal to the difference of the respective incliha-* 
tionis of the lines to any given plane. 

It is frequently of advantage, in using this in- 
strument, to have the frame 6H and the piece of 
black glass made as thin as possible, that when 
the eye is placed near the fr%me 6H, and is look- 
ing obliquely into the reflecting surface, it may 
perceive a greater portion of the direct image of 
the line DB, whose inclination is required. When 
this is the case, the reflected image of DB, seen 
by the upper half of the^pupil, will appear to co- 
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sttcide wilb the direct image, se^tt by the towt 
er half of the pupil ; and, by this means, the bbr 
server will be enabled to determine more accu-r 
Irately, when the line DB is perpendicular to thd 
reflecting plane, than he could have done by 
judging merely of the apparent contihiuty of th4t 
line and its reflected image. 

It is obvious that the reflecting plane 6H m^ 
be placed on any part of the radius CM, on th0 
cientre above C, or even on the circumference of 
the graduated arch) without altering the principle 
of the instrument. 

: The proceeding instrument might be of consider*, 
ftble advantage in laying down, in accurate per^^. 
speptivej a building, or any other object, in which 
there are a number pf straight lines. The rela- 
tive position of all these lines, either to the hori-, 
zon or to any other line, could be be quickljv 
ascertained. 
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CHAP IL 

Description of a new Goniometer for measuring (fit 

Angles of Crystals. 

The Goniometers which were formerly employed 
to measure the angles formed foy the planes of 
crystals, consisted of two smalLlevers, having one 
^rm considerably shorter than the other, and mo^ 
ving round the same centre of motion. The two 
short arms of the lever were opened, and placed 
upon the planes of the crystal, in a line perpendi- 
cular to the common section of the planes. The 
angle formed by the levers being equal to the 
angle of the planes, the centre of motion was pla- 
ced upon the centre of a graduated arch, whose 
radius was equal to the longest of the levers, and 
the extremities of these arms pointed out the 

4 

angle required upon the divided circuniference. 
The inaccuracy of measurements made in such a 
rude manner was so great, that the angles formed 
by the planes of crystals, as given by different wri- 
ters on crystallography, often -differed by one, two. 
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and sometimes three degrees ; and hence it be- 
came a matter of great importapce to construct a 
more perfect instrument, bj which these angles 
could be measured to any degree of accuracy. 
The necessary imperfection of every mechanical 
method, induced me to try the principle of reflec- 
tion which has already been explained ; and in app 
plying it to a goniometer for measuring the angles 
of crystals, I have succeeded beyond my most san- 
guine expectations. ^ The methods of employ- 
ing this instrument, which we shall now describe> 

* Thou^ the gonicniieter for measuring the angles of jciystala 
is sufficiently different from the ingenious reflective goniometer 
recently invented by Dr WoUaston ; yet, to those who may 
think that there b any resemblance between the two instru- 
ments, it will be neoesstty to make the following statement f 
The principle uppn which all the reflecting instruments^, de- 
scribed in Book II. are constructed, occiured to me more than 
fire years ago, and appeared in a work which Vas published i» 
September 1S07* The fertiUly of this principle wasobviousji 
and I was frequently employed in applying it to the construction 
of different philosophical instruments. 

On the Sd of February I8O9, I gave direction? to Mr Har^ 
ris to construct for me a goniometer, for measuring by reflee* 
tion the angle which one line forms with another, or the angle 
formed by two reflecting surfaces, by observing their relativ^ 
position to any atrai^t line. I diewed this goniometer to se- 
veral of my friends in Ixmdon, during the months of February 
and March; to Dr Clarke and Mr Woodhouse at Cambridge, 
on the 22d of March ; and, in the b^inning of April, it was 
«Khibite4 to the mfithematical class of this uniyersity by Pro^ 
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applieable^ HOt only to crystals whose surfoces 
are smooth and polished, but to crystals which 
reflect no light whatever,, and even to those in 
sttdi an imperfect state, that only small portions 
of the real surface occasionally appear. 

The.gomometer for measuring the angles of 
inystals is represented in Plate IV. Fig. 2. 
where a circle, AB, about six inches diameter^ 
and divided into 560 degrees, moves round OO 
as a centre, and is supported by two upright bars 
M, N, fixed with screws into the stand SSL To 
the ring OO, supported by these bars, is fixed tl^ 
arm G, that carries the vernier scale E. Thii 
scale remains stationary, while a rotatory mo# 

feasor Lefl^e. At this time I gpt an addition nuule to the in* 
strument by Mr Adie^ by which it was fitted for measuring 
angles^ when the eye was in their plane^ by observing when the 
jcflected image of an object came incontect with anodier object 
seen directly. The principal difference between this intmmoit 
andDr WoUaston's Goniometer is, that in the latter the reflecting 
planes are placed at the centre of the graduated scale, whereas 
in the former they were placed on its dnnamference. In sta<p 
ting these particulars, I cani^ot be undexstood fo mean that 
this philosopher, to whom the sciences owe so many obligations^ 
was in any respect acquainted with the instruments which I had 
constructed. 1 4pm anxious only to diew, that the prindi^e of 
all the instruments, described in this book, has been known to ma 
for some years ^ and that most of the instruments themselves 
were actually constructed before Dr WoUaston's invention was 
made public. 
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tioh is communiciEited to the divided circle AB 
hy means of a pinion moved bj the miUed-head Q, 
which works in the teeth cut upon the circumfer^ 
ence of the circle AB. A rectangular piece of 
brass L is fixed by two screws to one of the radii 
B of the graduated cirde»: so that. the slider ss 
may move upon it, and be placed at different 
distances from the centre of motion, by laying 
4iold of the pin below s. A thin plate b c, fornix 
iiig part of the cock tbcC oh the top of this 
slider, carries the ciystal, and by means oF the 
Itandle t this plate has a motion round the centre 
C^ in a plane perpendicular to that of the divided 
circle; Below this thin plate, and fixed to it by 
the screw C, is another piece of brass fastened to 
the top of the slider by the screw above C, and 
moveable, by means of the lever /, round that 
screw as a centre, in the same plane with the 
circle. When the handle t is employed to move 
the plate b c, it is pushed to or from the plane of 
the circle AB; biit when the lever I is used to 
give the whole cock 6c C a rotatory motion 
about the screw C, it is moved in a plane parallel 
to that of the curcle AB. By the combination of 
these motions, the common section of the surfaces 
of the crystals is brought into a position parall^ 
to the asbis of the instrument. This adjustmeirt 
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is effected by phdng the graduated cSxcIe in such 
a positioDy that a vertical window-bar, or any 
other, straight line, is nearly ini the plane of the 
circle. A motion of rotation is then given to the 
crystal by the lever l;f and, if the reflected, im- 
age of the window-bar . forms one straight line, 
with, the object itself, when examined in each 
surface of the crystal, « the adjustment is com-^; 
plete^ or the plane of the graduated circle is^pa* 
iBllel to a plane at right angles to the common 
section of the surfaces of the crystal* The in^ 
strument is then placed in such a position, thai: 
the plane passing through the eye and the win- 
dow-bar is perpendicular to the plane of the di^ 
Tided circle, or that the commod section of the 
surfaces of the crystal points to the bar of th^ 
window. The index, is set to the beginning of 
the scide by means of a stop at the 1 80th degree; 
and the image of the vertical window-bar, or any^ 
rectilineal object formed by reflection from the 
first or right-hand surface of the crystal, is 
brought to coincide with the direct imag^e by 
the vertical motion of the cock. The whole gra- 
duated circle is then made to revolve by the 

r 

> 

• The rotatory motion: of the, crystal might be produced by 
means of a ^crew or pinioii. By this me^ms the adjustn^entsi 
would be more easily and accurately effected^ 

I 
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loothfid pinioa, till the reflected image of the 
vertical bar again coincides with the direct image 
when examined in the other surface of the cry** 
fitid. When this position is obtained^ the index 
of the Temier will point out, on the divided arch» 
the angle of the cr^al. 

If, during this operation, the vertical* bar was 
exactly perpendicular to the planes of the cry<^ 
stal, the angle thus measured is the real angle 
formed by these planes, whatever was the dis« 
taiice of the crystal from the centre of motion ; 
for the bar was perpendicular to every line ly- 
ing in the two planes. When the bar, however^ 
id inclined to the planes of the crystal, as AB, 
Plate y. Fig. 1. and appears to be perpendicular 
to them #nly when seen in one direction CD» 
then it is obvious, that there is a parallax de« 
pending on the angle ABA', and on the hori- 
zontal aberration of the crystal from the centre 
of the graduated circle. This parallax, however, 
vanishes, when the common section of the planes 
of the crystal coincides with the axis of motion ; 
and therefore it liiay be completely removed in 
the original construction of the instrument, by 
opening the centre of the divided circle, as in the 
figure. But as the parallax is so small, and may 
be removed by a simple adjustment, the instru- 
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meQt would $till measure the angle with gr^atae* 
curacy eireu if it were not open at the centre. 
. . Duriug the preceding operation^ tihe goniome^^ 
tej must evideutty remain steady dn itar base, M 
the smallest change in its position will afffect the 
accuracy of the result. In order to remove this ia^' 
convenience, and render the instrument portable, 
and independent of any object exteridr to itself, 
a horizbntal arm DH, about six or eight inches 
long, projects from the base of the instrument, to 
which it is fastened by means of a finger screw and 
two projecting pins, and carries the vertical frame 
HK. Across this frame two or three pair of pa- 
rallel silver wires are stretched in a perpendicular 
direction, and are used instead of the window* 
bars, in the way which has been already describe 
ed. Tte angle of the crystal may then be de* 
termined when the instrument is ^held in the 
hand, without the accuracy of the measure being 
affected by any agitation whatever. In the men- 
suration of the angle, the middle pair of silver 
wires may be employed when the space described 
by the common section of the planes of the crystal 
is not great ; but, when this space is considerable, 
one. of the extreme pairs drould be used with 
the first surface of the crystal, and the other 
pair with the second ; for, if the silvar wires 
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should not be exactly parallel to the plane of the 
graduated circle, the very small parallax ari« 
sing from this cause will be nearly extinguish- 
ed. The method of finding the coincidence be* 
tweeh the wires seen directly, and their reflected 
knage, will be understood from Plate V. Fig. 4. 
where abg, cdh is a pair of silver wires, and a b, 
c d the portions of them that are above the siir- 
fece of the crystal. When the eye is looiing at 
their reflected image &e, df^ it can also, from its 
proximity to the ciystal, see faintly the portions 
hg^ dhj or at least their extreme portions at g 
and A. The crystal is therefore turned round by 
the handle U if it is the first or right-hand sur- 
face ; or by the nut opposite to Q, if it is the 
other surface that is used, till the rieflected lines 
h e, df exactly coincide with, or cover the wires- 
bg9 dh, or their extreme portions seen by direct 
vision. 

If, instead of employing the frame HI, it is. 
found convenient to use a distant cA>ject, we have 
only to make any point of that object seen by re- 
flection from one of the surfaces of the crystal, 
come in contact with any point of another ob-« 
ject seen by direct vision, and at a considerable 
distance from the first. The coincidence between 
the same objects is observed by means of the 



other '^mrface, afid, the ^gle of tke crysUU i^ 6^ 
termined as befpTQ. ; 

It if obvious that this instrument will i^easur^ 
the angles of crystals with great acquracj, aiod 

« 

little trouble, if ^ the surfaces ^re moderateljr 

smoQth, and refieet the sniiallest quantity of ligh|. 

When jt^e siirface . has tfie appearance of bf ipg 

perfectly rough and irregular, the oblique r^ 

flection generality gives ^a very distinct, image of ^^ 

r vertical bar, when the image of a^hp^izQi^t^l Une 

or- of>ai^y other object could not posfsiVly b^ p|^ 

t^ned. It frequenitly hf^ppeas, howevi^r,. thftt 

:^he crystal does not refliect sufl^cf(8nt light to 

:foqa(i fin imagj?, or i^ so irregular in itjqf yw£6ipe, or 

[Siqinconireni^tly^ placed inc the sp^^n,* t^at a 

variety of different cpntrivimces must be adopted 

'^^measiiring its angles. In a speciiii^ of ^- 

. J^ite, for ei^ample, . belpngi^g to Mr AUa^^ 

the <^stf|s are situa^ted in su^b a m^ner, thf|t 

.t^ir angM <^9^Wi : Q^^^ measured, eithar by 

. tl^ ^^ometera of Hai^y or Dr ^ATcdJ^stoii^ or b^ 

tl^ instrument "^hiqh has now; bei^n described, 

. w|t^0ut fa^akipg, off. some of the projeo^ting parts . 

of th» mipisral. 

When the planes of the crystal ate smooth, but 

.uil]Doliahfed, a smaU piece pf parallel gla^ AB, 

■ . • 

•PlateT* F'g» ^* or any other reflecting substance^ 
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with parallel sides, is sucx^e^sively placed upon 
the surfaces of the crystal CDE; the coinci- 
dence of the direct image of a rectilineal object 
with the image reflected from the piece of glass, 
is observed as before, and the angle found in 
precisely the same manner. If the tWo surfaces 
of the reflector should not be parallel, the aber- 
ration will be corrected by reversing its position 
on the second surface of the crystal. 

Whfen the planes of the eiystal are covered 
with ^asperities which prevent the piece of glass 
from lying parallel to these planes, we must 
make use oif the reflector ABj Plate V. Fig. 6. 
supported by three slender feet, and so formed 
that the reflecting plane m n is exactly parallel 
to the plane op, passing through the extremities 
of the three feet. The three feet are then placed 
upon those points of the surface where there are 
no asperities, and the coincidence of the unages 
is observed in the reflector: It is then transfer- 
red to the other surface of the crystal, the coin- 
cidence of the images again observed, and the 
angle of the planes measured as before. As the 
surface of the crystal may always be brought in- 
to a horizontal position when the coincidence o£ 
the object and its image is observed* the reflec*> 
tor will stand steadily on the planes of the crystal; 



CHAP« II. A NSW OONIOMStBK. B9 

but, in order to secure it from sliding,- a drop of 
varnish or melted bee's wax: maj be placed round 

each of its feet. It might be jwrc^ier to hkve two 
or three of these reflecting tripods of different 
sizes, and with their feet at different distahces^ 
in order to accommodate themselves to the smooth 
parts of the crystal. • Ome of the reflectors might 
be. fixed on each surface with bee's wax, in the 
'way represented in Plate V- Fig. 7. where C is the 
ciystal, and A» B the two reflecting tripods. If 
. the position pf the ciystal should prevmt us from 
adopti^g either of these methods^ which was th$ 
case in .the i^cim^n, of AUanite already men-^ 
tioned, we must have recourse to the goniome-' 
trical microscope, which is intended to. measure 
the angles formed by two lines when the eye is 
perpendicular to the plane of the angle. 
' If we conceive the two surfaces of a crystal to 
be cut by a plane perpendicular to their common 
sebtion, the apparent angle contained by the two 
;lines which form the boundary of the section, 
when the eye is peipendicular to the section, is? 
evidently the inclination of the planes. But if 
.the cutting plane is not perpendicular to^ the 
.common section, the apparent angle of the linest 
.which form the boundaries of the section when 
viewed by an eye perpendicular to it, is evident- 
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ly greater or less than the real angle of the ciys* 
tfti, according to the position of the cutting- plane. 
If the observer, however, places himself in snch a 
manner, that the common section' of the planes is 
parallel to the axis of his eye, then the a^arent 
angle formed by the bcninding 'lines of the section^ 
whatever be the position of the cutting-planei 
is the real angle of the crystal. By placing the 
iHrystal therefore in this position, in the focus of 

the gomomettical microscope, which shall be 
hereafter described, and measuring the appdirent 
angle fbf'tiied by the bounding lines, we obtain; 
by a very simtpie process, tihe inclination of the 
planes/ 

This will be understood fr6m Plate V. Pi^. 8C 
ih which ABGDEF is a crystfal, ABC a section 
of it perpendicular to AD, and A&c an oblique 
section* Now, though BAG fe the teal anfgl^ of 
the crystal, yet; when' ihe 6bRque> sfectlbn Aftc; 
U viewed by the observer at O, its bounding lines 

A 6, A c arie a[pparently tjoincfidfent with the lines 

» • • • 

AB, AC, whose inclination is the r6al angle of 
the planes ; and therefor^j if we measure by a 
proper instrument, which vre shall afterwards de- 
scribe, the apparent ^ngle contained by' the ob- 
lique lines A 6, Ac, we obtain a measure of the 
real angle of the crystal. . - ' . 
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The angles of the crystal may also be advaii-^ 
tageously deduced, from the plane angles by which 
any of the solid angles is contained. The plane 
aisles are first measured with great accuracy by 
the goniometrical microscope, or the angular mi* 
crometer adapted to a microscope, and the inclina- 
tion of the planes is deduced from a trigonome- 
trical formula. Whatever be the number of plane 
angles which contain the solid angle, we can al- 
ways reduce the solid angle to one which is formed 
by three plane angles, and determine by the formu- 
la the inclination of any two of them. Thus, if 
the solid angle at A, Plate V. Fig. 9. is contained 
by five plane angles, and if it is required to find 
the inclination of the planes ABC, ACP, we first 
measure the plane angles CAB, CAD, and also 
the angle contained by the lines AB, AD ; so thai 
we have now reduced the solid angle contained 
by five plane angles, into one contained by thre^ 
plane angles, CAB, CAD, BAD. 

Legendre, in his Elements of Geometry, hw 
given a very elegant solution oif this problem by 
a plain construction ; and it is easy froin his solu- 
tion to form an instrument for shewing the angles 
of the planes without the trouble of calculation. 
Thus let the angles B AC, CAD, DAE, Plate V. 
Fig. 10. be made equal to the three plane angles 
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by which the solid angle is contained. Make 
AB equal to AE, and from the points B, E let 
fall the perpendiculars BC, ED on the lines AG, 
AD, and let them meet at O. From the point 
C, as a' centre with the radius CB, describe 
the semicircle BFG. From the point O draw 
OF at right angles to CO, and from F, where it 

* _ _ 

meets the semicircle, draw FC. The angle GCF 
Is the inclination of the two planes CAD, CAB. 
In order to construct an instrument on this prin- 
ciple, to save the trouble of projection or calcula- 
tion, we have only to form a graduated circle 
BHEG, with three moveable radii, AC, AD, AE, 
and a fixed radius AB. The moveable radii must 
have vernier scales at their extremities, that they 
may be set so as to contain the three plane angles 
which form the solid angle. Two moveable arms 
BG, EO, the former of which is divided into any 
number of equal parts, turn round the extremi- 
ties B, E ; and, by means of a reflecting mbror on 
their exterior sides, they can be set in such a 
position as to be perpendicular to the radii AC, 
AD. When this is done, the pumber of equal 
parts between C and O, divided by the number 
{between B and C, is the natural co-sine of the 
^l^le GCF ; and theirefore, bjr enterin^^ a table of 



\ 



.• 
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^ sines wit& this number, the inclmation of the two 
pkmes will be obtained. 

In order to obtain a more accurate result, how- 
ever, we must have recourse to a trigonometrical 
formula. Let A, Plate V. Fig. 11. be the solid 
angle, and let it be required to determine, by 

. means of the three plane angles, the inclination 
qf the surfaces ACB, ACD. Draw AM, AN in 
the planes ACB, ACD, and perpendicular to the 
common section AC ; join BM, DN. Then it 
it obvious, that the angle MAN is theinclina-* 
tion of the planes required, and that the angle 
BAD, which is an oblique section of the prism 
BM, will be equal to MAN when it is reduced 
to the plane AMN. By considering that the in- 
clinations of the bounding lines of the oblique 
section of the prism, to the bounding lines of the 
perpendicular section, are measured by the angles - 
DAN, BAM, the complements of the two given 
plane angles CAD, CAB, we shall obtain, by sphe- 
rical trigonometry, the following formula : 

MAN 



Sin. 



T" 



R^(Sin. BAD+C AD-CAB ^^ BAD^-CAB-^A D^ 

&L CAfi. $iii. CAD 

s 

Or, calling 9 the angle of the surfaces of the crys* * 
tal, B» C the plane angles at the vertex of these 
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surfaces, and A the other plane angle/ theft we ^ 

shall have 

» 

Sin* B. Sin* C 

a formula from which the value of P may be ob- 
tained by a very simple calculation. 

Let the angle BAD, for example, be 62^ 6&, 
the angle CAD = 100^ 2', and the angle CAB 
= 106*^ 10', then we shall have, by the preceding 
formula, 

«!*« t ^ -^ ti ^ » Sin. 28* 24' Sin. 84' 82" 



Sin. 106^ icy Sin. lOO"' 2' 



Now we hftve, 

. Log» sdn. 28'' 24' 
Log. sin. S4^ 32' 



9.677264Q 



19.4807594 

« 

Add 2 Log. of Rad. - 20.0000000 



w 



Leg. sin. 106° lO' 
l^og. sin. 100° 2* 



89.4907^84 

- 9.9824774 

- 9.99da068 

19.9757842 



I / 
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From . - - - . 89.4807594 
Subtract 19.9757842 



2 Log. sin. - 



2 



19.4549752 



ma 



hog. sin. I 



- 9.7274876 



HenceS=S2M6'18'' 

2 

and ^ = 64*82'a!6^ 
the angle of the surfaces of the crystal. 
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C/JnLiVJP* III* 

Description of a Cfoniometrical Teteseepe^ 

Xhs Klinometer, which we have described in 
Chap. I. tnay be successfully employed, when the 
line whose inclination is to be measured can be 
distinctly seen by the naked eye, and when a 
very accurate result is not required. But if the 
object is at a distance from the observer, or if 
the angle must be determined with accuracy, 
it will be necessaxy to make use of the goniometri-^ 
cal telescope. 

This instrument is represented in Plate VI. 
Fig. 1., where TT is the eye-tube erf the tele- 
scope, which carri^ the graduated circle AB, di- 
vided into S60 degrees^ By means of the milled 
head which surrounds the eye-glass at £, this 
circle has a motion of rotation about the axis of 
the eye-tube* The vernier V has likewise a mo- 
tion round the ^xis of the instrument, and may 
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be. set to the zero of the scale, when the level, L, 
fixed to the plane surface of the graduated curcle, 
is adjusted to a horizontid line. On the same sur- 
face, parallel to the axis of the level, there are 
fixed two screws, (one of them, is seen at s,) 
on which the arm DF may slide to or from the eye- 
glass E. This arm is bent into a right angle 
D, and carries a frame in which the small reflec- 
ting plane O, made of black glass, is fitted so as 
to have a rotatory motion about the axis a b. 

When an angular object appears in the field of 
the telescope^ the arm DF is pushed backwards 
or forwards, till the mirror O is near the centre 
of the eye-glass, and it is then turned round its 
axis a b, by means of the lever h, till th^ obser- 
ver, by looking through the eye-glass, and into 
the mirror at the same time, perceives a dis- 
tinct reflected image of t^e field of view, and the 
augular object which it contains. The gradu- 

I 

ated circle AB is then moved round its centre, 
till the reflected image i>f one of the Lihes which 
contains the ang^e is continuous with the line it- 
self, and the degree pointed out by the index is 
noted down. The circle is again made to revolve 
till the image of the other line is continuous with 
the line itself, and the place of the index is again 
niM'kedt The arch of the circle intercepted be- 
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m * * » 

twe^n these po8)tioii0f b the measure of the angle 
r^Uif^. To save the trouble of reading off a 
second line, the vernier may be placed at the zero 
of the scale, when the first . coincidence has been 
observed. 

In o^er to explain the theory of this instrument, 
let ABC, Plate VI. Vig. 2. be a plane angle seen in 
the field of the telescope, and MN the section of 
a reflecting mirror, #faich moves along with the 
graduated circle. When the side BC is in the 
same straight line with its image CE, BC is per- 
pendicular to MN ; and when, by the motion 6f 
the divided circle, the mirror MN is brought into 
a positimi m n perpendicular to the other side AB^ 
the arch described by the moveable circle is evi- 
d»itly a measure of the angle formed by the 
lines AB, BC. The angular motion of the mir- 
ror, in passing from the position MN to m n, is not 
measured by the angle AOC formed at the centre Q 
by AO and CO, but by the angle FOG, which is 
equal to ABC. This will be evident from consi- 
dering, that the lines AB, CB are parallel to FO 
GO, and that the same angle would have been ob- 
tained by taking the reflected image of the lines 

FO and GO. 

When the instrument is required to measure 
the apparent angle which any right line makes^ 
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with the horizon, the index of the vernier should 
point to zero when the level is adjusted to the ho- 
rizon ; and then, bj turning round the graduated 
circle till the coincidence between the direct and 
reflected image of the right line is observed, the 
in(}ex will point out the angle required. 

This instrument may, in some cases, be employ- 
ed to measure an angle when it is not contained 
by right lines. If it is required, for example, to 
measure the apparent angle, which the distance 
BC, Plate V. Fig. 12., subtends at any other 
point O, we have only to make the axis round 
which the niirror m n moves point to O, and ob^ 
serve the two positions of the mirror, when .the 
points. B, G, seen by reflection, come in contact 
with any pomt D seen by direct vision, and the 
intercepted arch will be the angle at O. If one 
of the points B, C is at a. greater distance from 
O than the other, it is evident that their Teflected 
images cannot both- come in contact with D. A 
■motion of the mirror, however, in a plane at 
tigh^ angles t0 the plaHein which it revolves, wilt 
produce tiie. contact .wkhout affecting the result. 
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CHAP. IV. 

\ 

Description of a Goniometrical Microseope* , 

X HIS m&trament, which we have repiesented in 
Plate YL Fig. S., is nothing more than the appU« 
cation of the contrivance described in the jirece- 
ding Chapter to a ^mple or compound micros 
scope. The graduated head AB, the arm FD, 
and the reflector Of are all constructed and used 
exactly in the same way as in the goniometrical 
microscope. The level A, however, is of no use in 
the present instrument^ as the angles to be mea- 
sured have no relation to a horizontal line. The 
object of this goniometer is to determine the an« 
gles of crystals, which are too minute to be applied 
to the common goniometer ; and this is done by 
measuring the plane angles by which any solid 
angle of the crystal is contained, and then finding, 
by the formula given in a preceding Chapter, the 
angle of the planes themselves. The same result 
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/ 

maj be obtained hj measuring with this instru- 
ment the angle contained by the bounding lines of 
every section of a crystal, when it is- reduced by 
projection to the angle contained by the planes* 
In this case» the plane of the graduated circle 
must be parallel to a plane passing through the 
bounding lines; an adjustment which' can easily be 
effected by a contrivance for giving the crystal a 
motion in eveiy direction. 

There are numerous cases in microscopioalobser** 
vations, where it is necessary to measure very 
minute angles, when the plane passing through 
the lines by which the angle is contained is per- 
pendicular to the eye ; and there is no method but 
the one now described, by which this can be done 
with facility and accuracy. The goniometrical 
microscope, therefore, will have a very extensive 
application in the arts and sciences, and in many 
cases will be found of very essential advantage to 
the experimental philosopher. 
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CHAP. V. 

Description of an Angular Wire Micr&meter. 

1 HE most obvious method of measuring the angle 
contained by two lines, when the eye is above the 
plane which passes through them, is to have a 
pgnr of wires crossing^one another in the centre of 
the field of a telescope, and one of them movea- 
ble, so as to form at the centre of the field every 
possible angle with the other. Dr HerschePs po- 
sition micrometer is nothing more- than an instru- 
ment of this kind. The moveable wire is turned 
round in the field of the telescope by a pinion, 
which works in the teeth of a wheel across which 
the wire is stretched. By this means the movea- 
ble wire forms every possible angle with the one 
which is fixed, and an index points out on a cir« 
cular scale the angle which is contained by the 
wires. 

Dr Herschel emjJloyed this instrument for mea- 



1 
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suring the angle which b line, jcnning the two 
stars that compose a double .star» forms with the 
line of their apparent motion. The micrometer 
was placed in such a position, that the larger star 
moved along the fixed wire, and the moveable 
wive was turned round till it passed through the two 
stars, S, s, Plate III. Fig. 2. The angle pointed out 
on the scale was the angle of position required. 
Dr Herschd suspected, that the smaller of the two 
stars which compose a double star. revolved round 
the greater, or rather round their common centre 
of gravity ; and, by means of this instrument, he ' 
found, that, in the double star of Castor, this re^ 
Yohition was performed in 343 years. 

In this instrument the two wires always cross 
each other at the centre of the field, and conse- 
quently their angular separation is produced 
uniformly by the motion of the pinion ; or the an« 
gular motion of the moveable wire is always pro- 
portional to the angular mbtion of the pinion. * 
This very circumstaince, however, which though 
it renders it easy for the observer to read off the 
angle from the scale, is one of the greatest imper- 
fections of the instrument. The observations must 
obviously be all made on Qne side of the centre of 
the field, as appears from Plate III. Fig. 2., and the 
tise of the instrument is limited to those cases in 
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which Ssh less than the radius SC. The greatest 
disadvantage of the instrument, however, is the 
shortness of the radius SC, for the error of ob* 
servation must always diminish as the length of 
this radius increases. This disadvantage does not 
exist in measuring the angle of position of two 
stars S, s, for the distance S s remains the same 
whatever be the length of SC; but in determining 
all other angles contained bylines, whose appa- 
rent length is greater than SC, this imperfection 
is inseparable from the instrument. Nay, there 
are some cases in which the instrument completely 
fails; as, for instance, when we wish to measure the 
angle formed by two lines which do not meet in 
a point, but only tend to a distant vertex. If the 
distance of the nearest extremities of these lines 
is greater than the chord of the angle which they 
form, measured upon the radius SC, then it is im- 
possible bo measure that angle, for the wires can- 
. not be brought to coincide with the two lines by 
which it is contained. Nay, when the chord of 
the angle does exceed the distance between the 
nearest extremities,* the portion of the wires that 
can be brought into coincidence with the lines is 
so small, as to lead to very serious errors in the 
result. 
The new angular micrometer, which we ven- 
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ture to y gop o s e as a sobsiititte for this in^ti^ment, 
is completely ftree from the defects which we have 
just no^ced, and is founded on a very beautiful 
property of the circle* If any two chords AB, CD, 
Plate V. Fig. IS. intersect each other in the point O 
within the circle, the angle which .they form at O 
will be equal to half the sum of the arches AC5 BD; 
but if these chords do not intersect each other with'- 
in the circle, but tend to any point O without the 
circle, as in Fig. 14., then, the angle which they 
form is equal to half the difference of the arches 
AC, BD ; that is, calling p the anglei we have in 

the first case ^=: — J — , and in the second case 

♦ = — 2 — . Hence if AB, CD be two wires, pla- 
ced in the focus of the first eye-glass of a tele- 
scope, the moveable one AB may be made to form 
every possible angle with the fixed one CD, and 
that angle may be readily found from the arches 
AB, CD. 

The apparatus by which thei^e arches are meat- 
sured is represented in PlatelV . Fig. S., and is neatly 
the same as that which is employed to meastire the 
arches comprehended between the two steel points 
of the rotatory micrometer. Vtn the piiesent instru^ 
ment, however, the graduated circular head might 
be. divided only into 180% in order to save the trou^ 
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ble of halving the sum, or the difference of the 
arches AC» BD ; but as it would still be necessary 
to measure two arches before the angle could foe 
ascertained, we have adopted another method, re- 
markable for its simplicity, and giving no more 
trouble than if the wires always intersected each 
other in the centre of the field. 

Let AB, for example, Plate V. Fig. 1 8., be the 
fixed wire, and CD the moveable one, and let it be 
required to find, at one observation, the angle 
AOC or ^. Let the index of the vernier be at ze- 
ro, when the point D coincides with B ; and as it is 
obvious that the extremity C will be at c when D 
is at B, the arch c A will be a constant quantity, 
which we shall call 6. Making ACsfit and BDt-n, 
we have, by the geometrical property already men- 
tioned, 

but since the extremity C will move over the 
space C c while D describes the space DB, these 
arches must be equal, consequently we have 

6 = w — » ; hence adding S n to each side of 

the equation, we obtain 
h + 2n^ m + n, .and dividing by 2 

J 6 + Jt = — g- , consequently 
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Hence the ang^e AOC h equal to half the arch 
Ac added to the arch DB; or since Ac is ihyariable^ 
the half of it is a constant quantity, and the angle 
require is equal to the sum of this constant quan- 
tity and the arch DB. 

When the wires do not intersect each other, as 
in Fig. 14., we have 

m' — n 

♦ = — 2 — and, 

b = m + n-y hence subtracting 2 n from each 

side of the equation, we have 
6 — 2 n=: m — n, and dividing by 2 

J 6 — n = —g — consequently 

f s 46 — ^» 
That is, the angle AOB is equal to the differ- 
ence between half the arch A c and the ardh DB, 
or to a constant quantity, diminished bj the arch 
DB. . 

In finding the angle AOB, therefore, we have 
. merely to observe the place of the index when the 
wires are in their proper position ; and as the scale 
commences at B, or when D and B coincide, and 
is numbered both ways from B, the degree point- 
ed out dn the circular head, when increased or di-. 
minished by the constant quantity, will give the 
angle of the wires which is sought. The semi- 
circle on each side of a diameter drawn through 
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B, is divided into 180*>, the 180th degree being; at 
the opposite end of that diameter. 

The method of reading off the angle AOB, may 
be still farther simplified, so as to save the trouble' 
even of recollecting the constant quantity, and of 
adding and subtracting it from the arch pointed 
out by the index of the vernier. This effect is 
produced by making the index of the yernier point 
to the consts^nt quantity upon the part of tl|e scale 
below B, Fig, IS., when the points D, B coincide, 
or when the wire CD is in the position c J8 ; fpr it is 
obvious that if z is the zero of the scale, and B z 
equal to the constant quantity, the arch D z, which 
is pointed out by the index of the vernier, will be 
equal to t 6 + n, or the angle AOB. In like man* 
ner in Fig. 14., where the wires do not cross' each 
other within the field, and where Bs;is the constant 
quantity, the arch P z marked out by the index 
of the vernier, is obviously equal to t&— -», or the 
angle AOB, which the wires tend to form at O. 
By ndwns of this adjustment, therefore, we are 
enabled to read off the angle AOB with the same- 
TacUity ^ if the wires intersected each other in 
jthe very centre of the field; when the arches are 
accurate measures of the angles at the centre. 

It is not necessary that the two wires should be 
placed ip ^he focus of the first eye-glass. I have 
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constructed an instrument of this kind, in which 
the fixed wire AB is placed in the focus of the 
whole eye^piece^ or, what is the same thing, in the 
focus of the object glass, wliile the moveable wire 
CD revolved in the focus of the first eye-glass. 
In this case the wire AB is more magnified than 
the other ; but if this should be regarded as an in- 
convenience, it might easily be removed by using 
a more delicate fibre. 

The graduated head upon which the scale of this 
instrument is engraven, is the same as that of the 
rotatory micrometer. The end of the eye*tube is 
represented in Plate IV . Fig. S., where CD is the 
circular head, divided into S60% and su'bdivided by 

ft 

the vernier V ; L is the level,' and AB the part of 
the eye-piece which contains the diaphragm with 
the fined and moveable wires. The head CP, and 
the level L, are firmly fixed to the eye tube T, and 
from the head CD there rises an annular shoulder 
concentric with the tube ; and containing the dia^ 
phragm across which the fixed wir^ is stretched. 
This diaphragm, which is represented in Fig. 4. 
with the wire extended across, projects through 
the circle of brass EF. |A11 these parts req^ain im* 
moveable, while the outer tube AB, and the other 
half £F of the circular head which contams the ver 
nier V, have a rotittory motion upon the shoulder 
which rises from CD. The tube AB i^ nierely an 
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outer case to protect a little tube within it, wjbich/ 
contsdustbe eye*glass, and the moveable diajdiragm 
with its fibre extended abross it. The inclosed tube 
is screwed into the ring £F, and the outer tube is 
also screwed upon the same ring; so that by moving 
AB» a motion of rotation ik communicated to the 
vernier V, and to the diaphragm and wire belonging 
to the inner tube, while the rest of the eye-piece» 
containing the other diaphragm with its wire» re* 
mains stationary. By this means the moveable 
wire is made to form every possible angle with the 
fixed wire, and the angle is determined by the 
method which we have already explained. The 
fixed wire is placed a little out of the centre of • 
the diaphragm to which it belongs, and the dia*. 
phragm itaelf is placed in a cell, in which it can 
be turned round, so as to adjust the wire to a ho* 
rizontal line, when the level is set. The moveable 
wire is likewise placed at a little distance from the 
centre of its .^diaphragm, as represented in Fig. 5.; 
but by means of screws which p^s through the 
inner tube into thie edge of this diaphragm, it can 
be moved in a plane at r^g^t angles to the a;xis of 
the eye*^pijece, so that the mpveable wire may be 
placed either in the centre of ti^e field, or at dif- 
ferent ^stances from it. 

This instrument m9.y be employed in ^nicro^ 
scopical observations. 
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CHAP. VI. 

l)escription of a Double-Image Goniometer. 

In every instnimeiit in which a douUe image of 
an objeqt is formed by means of two semiienses» 
with their centres at a distance^ the one image ap- 
pears to have a rotatory motion round the other 
when the telescope is turned >about its axis. Thus 
in Plate VI. Fig. 4. if A, B be the imagi^r of two 
6bjects formed by the upper semilens when the ecfih- 
mon diameter of the semilenses is perpendicular 
to the horizon, andC, D, the images of -the same 
objects, fonhed by the lower semilens ; then by 
turning the telescope about its axis, or the semi* 
lenses round in their tube, the' image A will ap- 
pear to move round'C in the drcle Aa £, akid the 
image B round D in the ciiK^Ie B&F, or ia the op- 
posite directions if the telescope^ or the sentilens^ 
' are turned the other way. When the distance AC 
is equal to CD, as in Fig. 4. the image ^ willpiiss 
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over the image D ; or if the telescope is turned in 
the opposite direction, the image B will pass over 
the image C. In like manner, when AG is great- 
er or less than CD, the images will move as we 
have represented them in Fig. 4. and 6. In all 
these cases the four image? may be brought into 
one straight line ; and when this takes place, the 
line which passes through all the images will uni- 

* 

formly form the same angle with the horizon, as 
the common diameter of the semilenses. It is very 
easy to ascertain, with the utmost accuracy, when* 
the images form one straight line ; but particu- 
larly in the case, where AC, Fig. 5. is equal to 
CD, for the image of A will then pass over D ; 
and the coincidence of the images will mark the 
instant when the line which joins them is paral» 
lel to the common diameter of the lenses. Hence,' 
as we obtain by this means the relation of the 
line joining the images to a fixed line in the in-^ 
strument, the relation of this line to the hori^ 
zon may be easily found by means of a level and 
a divided circular head. If the image is a 
straight line^ then the coincidence of the two 
images, so as to form one straight line, will in^ : 
dicate . the parallelism of that line to the diame^ 
ter of the semilenses. 
In constructing a goniometer of this kind sole^ 
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ly for the .purpose of measuring angles when the 
^ye is not at their vertex, either the object-glass 
or the third eye*glass might be made the divided 
lens. If the object-glass is divided, it should be 
so constructed that it may have a rotatory mo- 
tion in its cell, by applying the hand to a milled 
circumference AB, Plate VI. Fig. 7. Connected 
with the tube TT of the telescope is a circular 
ring of brass CD divided into 860'' ; and the di- 
visions upon this scale are pointed out by the 
index of a vernier r, which moves aloug with 
the semilenses. A level L is fixed to the plate 
AB, having its axis parallel to the common diame- 
ter of the lenses, and being adjusted to a horizontal 
line when the index points to the zero of the scale. 
In using the instrumenjt, therefore, the- observer- 
turns rounds the semiienfles by means of the pro-^ 
jecting milled ciKqimfereifc^e AB till the c6incir 
deq^e of the two images is distinctly perceived. 
The index of the vernier will then point out upon 
the graduated head the inclination of the line 
which is required. 

When the telescope is long, this form of the 
instrument, though extremely simple, is not verj 
convenient. The construction represented in 
Plate VII. Fig. 8. is in general to be preferredi 
This instrument consists of three tubes BL, LC, 
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C A. . At the extremity B of the first tube is placed 
the divided object-glass» and at the other extre- 
mity L is fixed 'the divided circular head EF. 
The tube CL, which remains always at rest, is 
'fixed to the stand Hlby means of the dasp and 
screw at H. The tube AC, which contains an 
eye-piece, moves within both the tubes CL and 
LB. The tube BL extends towards C, withiil 
the tube CL, and round its circumference are cut 
a number of teeth in which the endless screw 6 
works, and thus gives a rotatory motion to the 
tube LB, and the cUvided head EF. By this 
means the common diameter of the semilenses at 
B is made to form every possible angle with a 
horizontal line, which is indicated by a level 
above L, having its axis parallel to the common 
diameter of the seniilenses. The index of the 
vernier scale v, fixed to the stationary tube CL, 
points out on the graduated head the angle re- 
quired. 

When the instrument is constructed witii the 
third eye-glass divided instead of the object- 
glass, the graduated head and vernier must be 
placed upon the eye-tube, and made in the same 
way as for the rotatory micrometer. 

If the principle of this*gQniometer is applied to 
the double-image telescope, which we have de- 
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scribed in Book I. Chap. III. and in Book III. 
Chap. II. and which consists of a divided lens 
moveable between the object-glass and its prin- 
cipal focus, we obtain an instrument of a very 
singular kind, which will measure at the same 
observation, the angle subtended at the eye of the 
observer by a line joining two points ; and like- 
wise the angle which that line forms with the 
horizon. When the two images of the line 
which joins the two points are brought into con- 
tact by, the motion of the semilenses along the 
axis of the tube^ these images must necessarily 
be in the same straight line ; so that the relation 
of that line to the horizon, and the contact of 
the two images of it which determines its angu- 
lar magnitude are obtained simultaneously, with- 
out any additional observation or adjustment. 
The one angle is read off on the rectilineal scale 
which extends along the tube, while the other is 
pointed out by the index of the vernier upon a 
circular divided head placed upon the same tube 
which carries the semilenses* 
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CHAP. VII. 



Description of-a Diagonal Telescope. 



The mstruments which have already been de^ 
scribed, with the exception of the double-image 
goniometer, can only be used with advantage when 
the angle to be measured is actually bounded by 
two right lines, or when'two right lines are mutu^ 
ally inclined to each other, without meeting in a 
point. But when we have only two points in the 
lines, which is the case when we wish to measure 
the angle that a line joming two. stars forms with 
the horizon, we are under the necessity of employ- 
ing a different principle, for the eye cannot judge 
with any degree of accuracy when these points are 
situated in the same right line. In all the prece- 
ding instruments too, the radius of the graduated 
circle is necessarily very small, and the accuracy 
of the observation is obviously limited l^ the 
field of the telescope. Iti the following Vbr- 
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strument all these disadirant^es appear to be re- 
moved, and the principle of its construction seems 
to point out a method of measurement by which 
all angles of this kind may be determined with 
the utmost accuracy. 

This instrument is represented in two different 
forms^ in Plate VII. Fig. 4. and 5, where AB is 
a portion of a circle greater than a quadrant, and 
divided in the usual manner into degrees and parts 
of a degree. This graduated limb may be sup* 
ported in different ^ays, according to the purposes 
to which the instrument is to be applied. A frame 
EF, attached to a moveable radius, moves round 
the centre C, by means of a clank and screw of 
the common construction, and it has a sufficient 
opening to admit a telescope DG, which can be 
placed in any position between a horizontal and 
a vertical line, by a motion round the pivota 
m, 71, in a plane perpendicular to that of the se- 
micircle. One of*fche extremities of the arm C V 
carries a vernier V for subdividing the degrees of 
the limb AB. In the focus of the telescope are 
placed three or four fibres parallel to each other^ 
and perpendicular to the axis m n, a^d these are 
crossed by a horizontal fibre which passes through 
the centre of the field. When the instrument 
has hee^ adjusted tg a horizontal plane by the le-^ 
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vels attached to it, the arm CV, which carries the 
telescope, is raised into such a position, that du-* 
ring the motion of the telescope round the centres 
m, n, the intersection of the wires traces the lincj 
whose inclination to tjie horizon is required/ 
When this positipn is • obtained, the index will 
point out the angle upon the graduated semicircle. 
If only two points in the line are given, the arm 
CV is shifted along the limb, till the intersection 
of the wires passes through the two points. 

This instrument may be employed with great 
advantage, in measuring the ^ngle which a line, 
joining two stars, forms with the horizon, or 
with a line joining other two stars(; and hence it 
may be used for determining the hour of the 
night, and for finding the place of a comet, or 
any other celestial body. The line which joins 
any. two stars, forms every possible angle with 
the horizon in the course of 23 hours and 56 mi- 
nutes ; so that by knowing the hour of the day 
when this angle is of any given magnitude, the 
hours corresponding to other angles may be ob- 
tained by simple proportion. The result which 
is thus obts^ned will of course require to be cor- 
rected by refraction. The diagonal telescope may 
also be employed in surveying, and for other im^ 
portant purposes. 
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CHAP. VIII. 

V 

V 

IhscripHm of a New Proiradkyr for lmp^.,dxmn 
and measvring An^s upon Paper. 

Thb^ common protractor which is emfdoyed in 
laying^ down and measuring angles in trigonome* 
tfical plans/ can only be used when the lines that 
contain the angle actually intersect eadi other. 
The centre of the protractor is laid upon the in-^ 
tarscfction ^ the lines, and the arch upon its cir- 
cumference, intercepted between the lines, is a 
measure of their mutual inclination. When the 
lines, however, do not meet in a point, the angle 
which they tend to form cannot be ascertained 
without the additional operation of drawing a 
third line parallel to either of the other two. 
But even in the case where the point of inter- 
section is given, it isi often difficult, particularly 
when the angle is small, to find the exiEict point ; 
so that, on this account, the risk of error is in- 

I 
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creased. These remarks are equally applicable 
to the laying down of angles by the protractor. 

In order to remedy these inconveniences, we pro- 
pose to employ the geometrical principle which has 
already been explained in the fifth Chapter of 
this Book, Thus in Plate V. Figs. 18, 14, if 
the lines AB, CD form an angle at O, the pro- 
tractor, whose divided circumference is repre* 
sented by the circle ACBD, may be laid down 
in any way upon thie lines AB, CD, so that the 
lurches AC, BD intercepted between them may 
be disfMctly observedr When the Unes inter- 
sect each other in a point, within the inrdtractor» 
then half the sum of thp arches will be tihie angle 
at O, and wheii the point O is without the pro* 
tractor, the an^ at O is equal to half the dif- 
ference of these wdbes. In order to ^ave the 
trouble of dividisg by two, the circumference of 
the protractor is .dividefl ipto IBff instead of 
86p«. If the protractor is furnished with points 
Situated at the eiLtremitiev of a moveable ann» 
projecting beyond the divided circtunfe^ence, and 
carried round by a radc and pinion, the arches may 
be measured with great faciUty. Thus, m Plate 
VH. Fig. «. when the point Q is within the protrac- 
tor, let the instrument be placed upon the lines 
AB, CD, so that the points P, p, at the e^ds qf 
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the arms MP^ Mjpmay touch the lines AQ, DO 
when the index of the vernier stands at the zero 
of the scale. Then turn the pinion till the point 
P comes to Q in the line CD. The other point p 
will be at y, when |) j = PQ. Hence the arch 

^ will be equal to the angle AOC ; or, since the 

circumference is divided into 180^ instead of S60o, 
the arch qr=s AOC ; so that by observing the 
place of the vernier when the point is at qt and 
by turning the pinion till the point comes to r, 
and again observing the position of the vernier, 
we obtain the arch q r, or the angle AOC. The 
same result might be obtained in a still simpler 
way, by placing one of the points at O and the 
other on the line OD, when the index of the 
vernier is at zero. If the pinion is now turned 
till the other point comes to the line 06,^ the in- 
dex will point out upon the iscale the angle AOC. 
When the two lines do not meet, as in Fig. 1. 
the point P must be placed on the line AB, while 
the other point p is in the line CD. By moving 
the pinion till p comes to q in the line AB, the 
point P will have described the arch PQ==j>9» 
so that Q r = PQ-^-p q =s the angle formed by the 
lines AB, CD. Hence, by making the point P 
describe the arch Qn we obtain the angle re- 
quired. 
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CHAP. I. 



Description of a Telescope for measuring 

DisUfnces^ 

In the first Chapter of Book I* we have already 
explained the principle upon which this lAstru-* 
ment is constructed^ and have shewn its applica-^ 
tion as a micrometer to the purposes of practical 
astronomy. We shall now proceed to point out 
the advantages with which the same principle 
may be extended to a portable telescope for mea- 
suring distances ; and to describe the construp^ 
tion and use of the instrument, with as much 
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fulness and perspicuity as the nature of the sub- 
ject will allow. 

In ascertaining dbtances from the angles sub- 
tended by any object seen tlffough a telescope^ 
the accuracy of the result is obviously limited by 
the field of view. If the angle is very small, any 
error in the instrument, or in the observation, 
will produce a ^rtat etroi* in the distance which 
is deduced from it ; and this error, will always 
diminish as the angle is increased. We obtain 
no remeity fc^ thiA fefil by augmenting the mag- 
nUying power of the instrument ; for though the 
accuracy of the observation is increased, yet, as 
the angle has suffered a diminution exactly corres- 
ponding to the augmentation of power, the error is 
as mudi kosiieased by ^te one ci^st M It Wad di- 
minished by the ^tiaa^. In cases, therefore, 
where very great accuracy is required, the use 
of the tdesGope cannot be tecra^liiefided ; Imt in 
the majority of Mses in whk^h thb 4idtai»ces ^ 
objects are riquirigd^ tl^s extreme nc^^racy H 
hever wanted ; and hi^nce th^ tnici^oiiiettic^l te- 
lesco^'will be found df ^ery great utility to tra^ 
vellers, and to oilc^iis of the army and havy, 
who require itn instruinent th&t is |>ortable, and 
not easily injuted, wMl6 it can be etiipkyed with 
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hxaHtys and without tke> trouble of te^ous calciit 
lation. 

The instrument which we are about to describe 
seems to possess these qualities in a very great 
degree, imd at the same time combines the pro^ 
perties of a telescope, a microscope, and a trigono^ 
metrical instrument. As a telescope, it has a va^ 
riable magnifying power; as a ccmipound im* 
croscope, its power and distinctness are very con-^ 
siderable; and as a trigonometrical instrument, it 
may be employed under circumstances in whi(^ 
other instruments could not be conveniently used. 

The micrometrical telescope is represented in its 
most generalform in Plate VIILFig. 1., where AB^ 
BC, CD, DE are the tubes of which it b composed^ 
The principal object-glass is placed at A ; the 
second or moveable object-glass is situated a little 
to the left of C, at the end of the tube DC ; and 
the eyepiece is contained in the tube D£. When 
the tubes BC, CD are pushed into the outer tube 
AB, the moveable object-glass near C will be in 
contact with the principal object-glass at A ; and 
in this situation distinct vision may be procured 
by pulling out the eyepiece DE : The magni- 
fying power of the instrument is iiow a minimum. 
By pulling out the tube CD, the moveable object- 
glass near C is separated from the principal, ob^ 
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ject-glass, distinct vision may again be procured 
by pushing in the eye-tube DE, and the magni- 
fying power of the telescope will be greater than 
before. In like manner, by pulling out the tube 
CB, and producing distinct vision by a new ad- 
justment of the eyepiece, the distance of the two 

i. 

object-glasses, and likewise the magnifying power 
of the instrument, will increase, till the place of the 
. moveable lens coincides with the principal focus 
of the object-glass, when the magnifying power 
of the telescope will be a rnaxinmm. 

In this form of the instrument, the motion of 
the second object-glass, and the adjustment of 
the eye-tube tp distinct vision, are produced mere- 
ly by pushing in or drawing out the tubes ; but 
it would be much more convenient for the obser-* 
ver if there were only two tubes between A and 
D, and if the motion of the tube which contains 
the second object-glass, and of that which con- 
tains the eyepiece, was effected by means of a 
rack and pinion. By this means the adjustments 
would all be produced with the utmost facility 
and accuracy ; and by turning the pinion for the 
olfject-glass with the one hand, and the pinion 
for the eye-tube with the other, the observations 
would be made in much less time than if the 
tubes were shifted merely with the hand. As 
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telescopes^ however, are so generally, constructed 
with two or. three moveable tubes as shewn in 
Plate VIII, Fig. 1 ., we shall accommodate our de- 
scription to that form of the instrument. 
. The diaphragm or field-bar of the telescope^ 
' which is placed in the anterior focus of the 
first eyepglass, is represented in Fig. 2. where 
a, b are two delicate steel points projecting into 
the field of view, and mn, op a pair of parallel 
fibres, all of which are firmly fb^ed in their re- 
spective positions. For the purpose of measur- 
ing distances, the two steel points only are re- 
quired : The wires may be used, indeed, for the 
same purpose ; but they are principally intended 
for measuring the angle subtended by any body 
that is in motion. When it is required that the 
instrument should measure a great variety of 
angles, another steel point e will be of great ad- 
vantage, and its position maybe determined in 
the following manner. Let us suppose, that the 
greatest and least magnifying power of the tele- 
scope, or rather that the greatest and least angles 
subtended by the points a, &, are to one other 
as 8* to 1% or as 180' to 60'; then the instru- 
ment, by means of these two points, will (^ly 
measure angles that are between 180' and 60'» In 
order, therefore, to render it capable of determin- 
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iiig angles less than 60', another point c should 
be so placed in the field, that the chord of a c is to 
that of a 6 as 60^ to ISO^ ; and consequently 1^ 
using the points a, c, all angles between Btf and 
20' may be measured. Another point might like- 
wise be used if necessary, and the same method 
might be adopted with respect to the wires. 

In fixing the diaphragm in its proper positicm, 
great attention must be paid to the rules laid 
down in Book L Chap. IX. and in order that the 
adjustment of the diaphrc^m may be effected 
with the greatest facility and accuracy, it should 
be so constructed as to move 1^ means of a screw 
along the axis of the eye-tube. 

The next point to be considered, is the nature 
imd construction of the scale, by which the varia-^ 
tions of the angle are to be measured. This 
scale is engraven on the two moveable tubes BC> 
CD, and its length is equal to the focal distance 
of the principal object-glass, or, in general, to the 
$pace through which the second object-glass is 
allowed to move along the axis of the tube; 
When this object-glass is separated from the 
principal object-glass till their distance is equal 
to the focal length of the latter, the angle sub« 
tended by a pair of fixed points or wires wiH re- 
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maak^tbe same whatever be tlie focal length of 
the former, and will iuffer no change eren if the 
second object-glass be removed. In these cir- 
cumstances, the magnifying power of the tele- 
scope is a maximum^ and consequently the angle 
subtended by the points or wires is> a minimum^ 
If the second olgect-glass is moved from this po* 
sition towards the principal object-glass, the mi* 
nimum angle of the points or wires will be in- 
creased, and the increment which it receives will 
be dir^tly as the space through which the second 
object-glass has beeii moved, and inversely as its 
jfocal iength. Henee the extent of the variation 
wUch can be prddm^d upon the minimum angle 
tnSL be it maxtmum when the second object-glass 
is ilk contact wiUi the principal object-glass, the 
fOdal length of the former remaining the same : 
Aittd the extent of this variation may be increased 
at pleasure^ by taking a moveable object-glass of 
a Idiorter focal length. 

If the focal length of the principal object-glass, 
Ibr example, is 80 inches, and that of the move- 
aUe one SO inches, while the minimum angle of 
the wire is 40', then, by the formula 

A4 ^ 

*= A+-jr, (See p. ,15,) we have for the great- 
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est angle when the two lenses are in contact, 
and consequently when b= $0, 

« = 40 + — ^Q — = 64 , so that the greatest 

^tent of the scale will in this case be 64' — - 40 

= 24'. 

If F, or the focal length of the moveable ob^ 

ject-glass, is only two inches, then we have 

, . 4^ X so ^ . 

• = 4(/ + — 2 = 640'= 10^40'. 

Hence the greatest extent of the scale will now 
be io''40'— 40'= J0% 

As the length of the scale is SO inches, one mi- 
nute on the scale will be equal to 1.25 inches/ 
when the greatest extent is 24'; but, when the 
greatest extent is 10^, one minute of the scale will 
be equal only to 0.06 inches. Hence it appears 
that, by diminishing the extent of the scale, we 
increase its magnitude, and consequently its accu- 
racy, to such an unnecessary degree, that the mi* 
nuteness of the scale far exceeds the accuracy of 
the. observation; while, by increasing the extent 
of the scale, we diminish its magnitude and its ac- 
curacy, till it is incapable of affording us a mea- 
sure of the angle corresponding with the excel- 
lence of the telescope. The moveable qbject- 
glass, therefore, should have such a focal length. 
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that the probable error ci the scale is less thaii th^* 
error of observation; but, for eommon purposes, it 
will be sufficient to make the foca) length of the 
moveable object glass equal to between ohe half 
and one third 6f that of the principal object 
glass. 

The focal length of the second object glass and 
the extetit.of the scale beiing thus determined, ihe^ 
formation of the scale its^^If is the next subject of 
consideration. We have already demonstrated^ 
that the motion of the moveable object glass, along 
equal portions of the axis of the telescope, corre- 
sponds to equal changes upon the tkinimum' angle 

of the pmnts or wires ; and consequently, that the 

' - - . 

scale which measures these angular variations is a 

scale of equal parts. By determining, therefore, 
the minimnm angle, or the angle subtehded by 
the points, when the object glasses are at their 
greatest distance^ and also the angle which they 
$ubtend when the two object glasses are in con« 
tact, we obtain the' value of the angle at the two 
ex^treme points . of the scale, and, consequently, 
its value at any intermediate point. 

Thus, if the length of the scale is SO inches, the 
^ minimum angle 40', and the angle of the other ex- 
tremity of the scale 120', we have 60' for the ex« 
lent of the scale, iSO that half an inch on the scale 
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w8I c enwp oB d wHfc ]'» w^ we teUfft of air iw& 

will correspond wHh 12^- Th^ scale may^ there- 
fore, be dividecl into $0 equal parts>: or bdlve$ of 
an inch, to shew minutes ; into 800 equal parts^ or 
tenths of an inch, to shew every 12" ; or into 1200 
equal parts, or fortieths of an inch, to sheweveryS*^. 
When the scale is engrave on more thaQ (me tube, 
as in Plate VIII- F^. 1., the extremity C of the 
tube BC is the index for tibe divisions on the tobe 
CD when CB is completely pushed into AB ; ami 
the extremity B of the tube AB is the ind^ for 
the divisions on BC» when CD is ccmptetely 
drawn out. In measuring the distance between 
the two extremities B^ D of the scale, thfe breadth 
erf* the milled circumference, at the extr^nxty C of 
the tube BC, must evidently be o^tted. The 
method of finding the aisles, at the two extremis 
ties of the scale, by direct experiment, has already 
been fully explained In Book I. Chap* L As the 
exact determination of these extreme angles is of 
the utmost consequence to tiie accuracy of the 
scale, the gpreatest care should be taken in conduct-* 
ing the observations^ 

Having thus pointed out the method of con- 
structing the scale of the telescope, we shall now 
proceed to shew its application to the measurement 
df distances* Let D, E, Plate VIII. Fig. 8. be two 

1 
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poromineiit points in the object whose distance is to 
be measured, and so f^hosen Uiat at the station.B the 
pair of points may be made to comprehend the space 
t>£, without separating the two dt^ect glasses more 
than four or five inches. The line joining the 
points J), £ m»j be either vertical, or horizontal, 
or inclined to the horizon* The points themselves^ 
should always be so distinct, that they can be re- 
cognised at the second station at A, and points of 
this kind may eaculy be found, whatever be the ob* 
ject to which the telescope is directed. The in* 
t^rval between two windows or any two prcgect- 
ing parts in a building, the distance between 
two stones lying in a field, or upon a hill^ and 
the space between two trees, may be used for the 
purpose of measuring their distance from the ob^ 
server. 

The telescope being directed to the object, and 
the tubes BC5 CD being pushed into the tube 
AB, and distinct vision procured by the adjust- 
ment of the eye tube D£, the two steel points 
should either exactly coincide with the two points 
D, £, Fig. 3. in the object whose distance is to be 
measured, or should occupy a greater space. If the 
steel points, cominrehend a greater interval than 
that which lies between the points D, £ of the 
object, which is most likely to be the case, sepa- 
late the object glasses by pulling out the first di- 
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tided tube CD, Fig. I., and produce distinct 
Tision, by the eye-piece DE, till the steel points 
exactly coincide with the points D^ E, Fig. 3., 
or comprehend the object DE, the extremity C of 
the drawer CD (Fig. 1.,) will then mark out 
upon the scale the Value of the angle DBE. Ha- 
ving measured a base BA, reckoned always from 
the object glass of the telescope, and equal to 
about T or J, or a greater part of the whole dig- 
tance, place the object glass of the telescope at A, 
and again direct it to the object D£. The dis- 
tance DE tfill now subtend a much less angle at 
A than it did ^t B, and hence the steel points 
will comprehend a much greater space than DE. 
In order to shut the steel points, therefbre, puU 
out the tube CD ; or, if niscessaff , part of the 
tube BC also, and adjust the eye tube to distinct 
vision, till the steel points exactly coincide with 
the points D, E of the object ; then, if the tube 
* CD has not been comjpletely drawn out, the 
extremity C will mark upon the scale between 
C and D the angle DAE ; or, if the tube CD is 
wholly drawn out, and likewise part of the tube 
CD, then the extremity B of the outer tube AB 
will mark upon the scale, between B and C, the 
▼alue of the angle DAE. If a vernier were pla- 
ced at the extremities B and C of the tubes AB 
and BC, the angles -might be read off with the 
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greatest accuracy; and all the observations, would 
be greatly facilitated if the tubes were moved by ^ 
a rack and pinion. 

Having now obtained the angles DB£, DAE, 
or rather the tangents of these angles, (to which 
the angles themselves are nearly proportional,) let 
us call DBE = m, DAE = », and AB = a. Then, 
since AC is to BC, as the tangent of the angle at 
B is to the tangent of the angle at A, that is, as m 
is to n, we have obviously the ratio of the two dis- 
tances AC, BC, and the difference AB of these 
dbtances ; so that AC or BC may be found by 
one of the simplest theorems in Algebra, namely, 
to find the value of two numbers, whose ratio and 
difference are given. 

This, theorem gives us 



Let us suppose, for example, that the angle 
DBE, or m, is equal to ^Z minutes, and DAE, or 
Uy equal to 46 minutes, and that the bade AB, of 
a^ is equal to 120 feet, then we have 

\^ 120X^8 8160 ^^ ,«^ , 

AC = -68=:5&^-ir==«'^i?*^«*- 

^^ 120X46 5520 ^-^,0^ 4. 

BC = -53::;:^^^= -23-= 250 i? feet. 

Hence we obtain the following rules t 

For the greater distance AC. Multiply the length 
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of^ h&se in yards^ or fed, by the greatest ang^ ; 
divide the product by the difference between the two 
angles^ and the quotient will be the distance required 
in yards or feet 

For the lesser distance BC. Multiply the 
kngth of the base in yards, cfrfeet, by the least an- 
gk; divide the product by the difference between the 
angles, and the quotient will be the distance required 
in yards or feet 

It is manifest from the preceding observntbtis, 
that thtefre is no necessity of having the real Itngles 
subtended at A and B, by the obfect Dfi, the ra* 
tid of the angles being all that is wanted in prac- 
tice. On this account the instrument is some- 
times constructed with only tb6 ratios of die angled 
engraven upon the scale. In this Case the angles 
themselves are easily found» when ifeither the max- 
imum or minimum angle is determined. 

iThe micrometricdl telescope posi^esses one very 
singular property, to which we would request the 
particular attention of the reader. If any other mi- 
crometer had been employied to measure the dis- 
tance of the ^li^ect DB, by taking the angles 
which it subtends at B and A, it would have been 
necessary to apply a correction to the angle, ari- 
sing from the aberratidn in the focal length of 
the telescope, at the dijSerent distances AC, BC 
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This 9b&nm&yn, or increase, in the focal length, 
pradwes a correspDHding iliminution in the angl^, 
^ tkiat we diouJ[4 have been obliged to diminish 

F* DF 

each angle in the ratio ofF+ p_p or p_p : F,* 

where F is the principal focal length of the tele- 
scope, and D the distance of the object ; but as 

t 

this very correction supposes the distance of the 
object to be known, it would be necessary to find 
the distance, upon the supposition that no cforrec- 
tion was requisite, and then to have applied the 
QQ^rre^^n in the precedii^ formula^ computed 
from the approximate distance. 

In the micrometrical telescope, however, lid 
such correction is necessary. The virtual focal 
length of the combined object glasses, when the 
^teiel |K)i«t|9 icoBSiprehepd the ai^Ie DBE, is to their 
vti^al foc^l laag:th, i^hen the points ooxnprehend 
the ixi^h JiAVt» ia the very same ratio sis the 
angles tbeipi^ejkes ; fivA consequently the coxriec- 
tions, which are as the focal lengthy will also have 
Hbe same xstio m the angles. These corrections, 
therefore^ wtU not iialter the riatio qf the angles 
foond ;by jld»e imtrtioiQQyi;, and helice the applica- 
tion of tiiem is ynn^esstfry. 

T%tts, let F,/ be the pimdpal virtual focal 

' *" See Book i. Chap. f. p. 20, 
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lengths'of the combined glasses,- at the stations A 
ind B respectively- Make AC s= D, and BC^d ; 
Then, since the magnifying powers are directly as 
the conjugate focal lengths^ since the angles are 
inversely as the magnifying powers, and the an- 
gles inversely as the distances AC, BC, the conju- 
gate focal lengths will be directly as the distances^ 

that is, 

DF rf/ -^ , 

To explain this numerically, 
make D = 200 ,d = 100, F= 12,/= 6, we shaH 

DF 2400 

h^ave gi:F=^oo;i:j2= 12,76595, and 



df 600 ^ •^ 

5if = 100=6 = 6.88^^7. ^«* 



12,76595 : 6.88297 = 12 : 6 = 200 : 100; so that 
whatever be the distance of the object, the ratio 
of the angles obtained by the micrometrical tele- 
scope require no correction, in order to obtain an 
accurate result. 

It is obvious, however, that when we wish to 
meaisure with this instrument the absolute value of 
the angles^ these values must be corrected accord- 
ing to the distance of the object, by means of tte 
formula given in page 20. In cases where the 
object is at a considerable distance^ the incre-^ 
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ment of the angle, as found b j the formula, is |po 
trifling to.be taken into account, upless where 
very great accuracy is required. 

There is one application of the micrometrical 
telescope to the mensuration of distances, which 
^ may, on many occasions, be of considerable service 
to the military engineer, namely, to measure the 
distance of an object from a station where the in- 
equalities of the ground render it impossible to 
procure a base ; and it does this by a single obser- 
▼ation, which is of the greatest consequence in 
particular cases, where the proximity of the ene* 
my's guns makes it difficult to measure two an- 
gles and.a base with deliberation and safety. 

Let it be required, for example, to measure the 
distance MC, Plate VIII. Fig. 4. from a station M 
where works are to be erected, within reach of the 
enemy's guns, at C, and inhere the inequalities of 
the ground prevent the mensuration of a base. 
Take two stations A,- B beyond the peach of the 
enemy's guns, and in the same vertical plaiie with 
M, and by measuring the base AB, aiid ascertain- 
ing, according to ihe method ab^ady explained, the 
angles aBb, aAb suiiftpi^^eA ^J any object a &,* at 

• It is n^t. necessary that the Ijnc a k should be perpendicular 
to the axis of the telescope. It is only requisite that it should 
be equally inclined to that axis at the sti^tipns A, B^ ^rid IVf, 
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C find the distance AC. Then from the station M, 
measure the angle aMbf subtended by the same 
object a 6 at M, and the distance MC will be a 
fourth, proportional to the angle ai/Lb, the angle 
a Abf and the distance AC ; that is, if the angle 
aM6=m, a A&=:n, we shall fkhve m:n^ AC t MC, 

and MC = — — — , which gives the following rule : 

4 * 

The lesser diitafice is equal to the gr enter distance f 
multiplied by the angle, which correspor^fU to the 
greater distance, and divided by the angle which 
corresponds to the lesser distanfu:e. 

By means of this instrument, we may also mea* 
sure accessible and inaccessible heights with 
great facility and accuracy. . Thus, let BA, Plate 
VIII. Fig. 5., be an accessible height, then, from 
a point B, as near as possible to the vertical line 
BA, measure the angle a B 6, subtended by any 
object a 6 at the top of the height, and call this m* 
Measure also the angle aCb^ subtended by the 
sam^e^abject at C, which call n, and then find the 
length of the base BC^ which call a. Hence^ 
AC : AB sim;nt and 

AB = — -^. But by Euclid, 47. 1. 

which will be the case when these points are in thd same verti- 
ealplan<e. 
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AC* "yt n* 
AC* = a* + ~~i — " multiplying by m«, and 

^ transposing, we have 



»*— III 



or 



.AC:= "* 



v'w*— w* 



By similar re^s^iiiig utrepbtain 
»a 



AB = 






From tliese formulae we derive the following 
rules : 

For the perpendicular height. Multiply ihe 
greater angle by the base,. and divide this product by 
the square root of the difference between the squares 
of the greater and the lesser angles ; the quotient will 
be the height required. 

For the hjrpothenpse. Multiply the lesser an^ 
gle by the base, and divi4e this product by the square 
root of fhe difference J^etween the squares of thf 
greater and the lesser, angfes; th^ gpiotient ivjM be fhs 
length of the hyppihmufie r^quiredp . . 

When th^ height A? is in^p??^^;^^ jlpd th^ 
angle subte]]46d l^y aa ol^ect a b ft t)^ st^MoQi^ 

C and D, and, ha.Yii)g mea3Uised tb9 h^m QV($ 
find, by tliie me(tbod ai^peady4eit9n3Mdi tlbiif^ <^^ 
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jCB. Then, if n represents tl^e angle taken at C# 
anj^ ffi tlb^t j;9ken at D^ we have 

AD : AC = » : w, and 

But by Playfair'3 Euclid, Book II. Prop. 12,, we 

have 

AD* = AC + CD* + 2DCXCB, and 

AD* — AC = CD' + 2DG x CB, 

By substituting the preceding value of AD, we 

4 

obtain 



^? ^AC*=CD*+2DCxCB, and by 

^'ediiction^ 



yCD» + 2DCxCB 
n 



AG = y — T"^ — or, 

-1 



m' 



AC 



y BD'~BC» 



The preceding method is applicable only to iur 
accessible heights^^ where the distance CB is capa- 
ble of being measured by the instrument. 

As the angle subtended by the steel points, 
when the two object glasses are in contact, is very 
considerable, we may by successive measurements 
detertnine angles of any mggbitade. In Plate YIIL 
Fig. 6., for example, l^fa^ angle ACB may bc| found 

measuring successively the angles AC e, e Cf^ 
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/CB5 and, in the case of a mountain where the ver- 
tical line AB is not visible, the angle ACB may be 
ascertained by finding in succession the angles 
ACe', e'CfyfCV. For this purpose, the telescope 
should have a level fixed upon the eye-tube, 
with its axis parallel to the axis of the instru- 
ment, so that the lower steel point might cover a 
point V in the horizontal line BC, when the levet 
is adjusted. 

Having" now shewn, at considerable length, the 
method of Using the micrometrical telescope, when 
we are completely unacquainted with the magni- 
tude of the object whose distance is to be measu- 
red, we shall next proceed to point out its use in 
determining distances, when the magnitude of the 
Abject or of any part bf it is known. 

Let DE, Plate VIII. Fig. 4. be a distant; object 
seen by the observer at B, and perpendicular to 
the line BC, then, if the length of DE be known, 
and if the angle DBE be measured with the mi- 
crometrical telescope, the distance BC may be 
found by the simplest case of plain Trigonome- 
try, which gives 

Cot \ DBE X T^^E 
BC =. — ' — — Bad. '■ >» or since the w^gle 

^ very small, we may usq tibte formnljEi 

^^ CotDBExDE 



V 
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That; i8« add &e logarithm cotmgCfU qf iH (v$gle 
to the logarithm of the length of thfi cigpcty and the^ 
^m^ mbtraciing radius, will be the logarithm of the 
distance required. 

In order^ howeveF» to save the trouble of trigo- 
nometrical calculatjio^i, we hfive computed a seriey 
of tables^ which are given at the end of ^he Chap* 
ter, shewing the ^stapce of a given object, wlpen 
it subtends different angles at the eye of the obser*; 
ver» The first tabl^ is calculirt^d for ap ol^t 
one foot ip leogtib ; the second fpr ^n pbj^^tb siX( 
feet in length; the third for an oVject 20 feet ii^ 
length; the fourth for ap olyect SO feet in leyigjUhi 
^d the fifth for an object 40 feet in. length. 
. By means of these tables» the distance pf an, 
object may be ascertainedf by mere inspectioii 
when the angle is foupd in minutes, and when 
the magnitude of the object is^ 1,6, 20, 80, and 
40 feet. If the angle . is found both in minutes 
and seconds, and if the magnitude of the known 
object is neither 1, 6, 20^ SO, or 40 feet, the di<; 
stance may be determined by simple proportion^ 
Thus : 

Example I. If the object whose distance is 
required is 6 feet, which is nearly the height of a 
man, and subtends an angle of 49 minutes, then^ 
by looking into Table II. opposite 49 imnutes. 



\ 



we find 431 feet, ttrhibh istbe diManQi d£ tlie 
object. If eke < angle be 49' SK)% tbto Jtbe 
di^tane^of t&e^bbje^ will be betweai 4Si aind 
4«12i feet ; and the exact dumber williie fouiid 
by simple pifo^itbfa, ihu^ r 

60'' : 8,5 =3 i?(r : 2;§,, which be^ig, aubtrapted 
fr^m 49li leaves^ ^1^<S feet. . ? , 

ExiAfttHB.II.; If! thq. object is 2O:f|eet».0.i]4 t|)e 
Migle w1»i<^ it sttbt^4s 1 8! 16' ; t^p m;'i:abl,e IV. 
opposite 1 8f, 'we bave; ftffSO feelf; 9«d -opposite 
19', 8619 feet, the iWfer^nc^ of wbidi i&SOl feet 
Hence we have 

60" : 201;= 16" V 53.6, which, subtracted from 
3820, giyes 3,766 for, the distance of the object. 

Example III. If the length of the object is 
neither 1 foot, 6, 20, 86,'or 40, but any other num- 
ber, such as, 5, and the angle 50% then entef 
Table I. with the angl^ and opposite 50 will be 
found 68.7, which,, multiplied by 5, the real 
length of the object, gives 343.5 for, the distance 
required. 

The same answer might be obtfuned by taking 
the 4th part of the result given by Table III., the 
6th part of the result given in Table IV., and the 
8th part of the result given in Table V. ; since 5 
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is the 4th part of 20, the 6th part of 80, and the 8th 
part of 40. Thus, opposite to 50', in ttese tables, 
we have 1875, 2062, 2750, which, being divided 
hy 4, 6, and 8 respectively, leaves 848 feet. 

The third, fourth, and fifth tables may be parti- 
cularly useful in taking a rapid survey of a country 
by means of the micrometrical telescope. Two 
objects placed at the extremities of a chain, 20, 
80, or 40 feet long, may be plilced opposite to the 
telescope by one person, while another measures 
the angle which they subtend, and thus obtains 
a succession of distances with the greatest fad- 
Kty. 

Sir George Mackenzie carried along with him 
to Iceland . one of the micrometrical and double- 
image telescopes, and a copy of the following 
Tables, in order to make a general survey of the 
part of the island which he visited ; but the diffi- 
culties which he had to encounter in the carriage 
of his instruments, and from the ruggedness of 
the ground, prevented him from doing the same 
service to the geography which he has done to 
the geology and mineralogy of that interesting 
country. 



TABLES 
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DISTANCES AT WHICH DIFFERENT ANGLES 

ARE SUBTENDED 

I 

BY 
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Table L Shewing the Distances at which jd^erent 
Angles are subtended by a Body one Foot in 
Length. 



Angle 




/ingle 




Angle 




in 


Feet. 


in 


Feet. 


m 


Feet. 


Itfinutes. 




Minutes. 


/ 


Minutes. 




1 


3437.7 


32 


107.4 


63 


54.5 


2 


1718.9 


33 


104.2 


64 


53.7 


3 


1146.0 


34 


101.1 


65 


52.9 


4 


859.4 


55 


"98.2 


66 


B2.1 


5 


687.6 


36 


95.5 


67 


51.3 


6 


573.0 


37 


92.9 


68 


50.6 


7 


491.0 


3i3 


90.5 


69 


49.8 


8 


429.7 


39 


88.1 


70 


49.1 


9 


8S2J9 


40 


85.9 


71 ; 


48.4 


10 


343.8. 


41 


83.8 


72 


47.7 


11 


312.5 


42 


81.8 


73 


47.1 


12 


286.5 


43 


79.9 


74 


46.4 


13 


264.4 


44 


78.1 


76 


46.8 


14 


245.5 


45 


76.4 


76 


45.2 


15 


'229.2 ■■ 


46 


74.7 


.77 


44.6 


16 


214.9 


47 


73.1 


78 


44.1 


17 


202.2 


4S 


71.6 


79 


43.5 


18 


191.0 


49 


70.2 


80 


43.0 


19 


180.9 


50 


68.7 


81 


42.4 


20 


171.9 


51 


67.4 


82 


41.9 


21 


163.7 


52 


66.1 


83 


41.4 


22 


156.3 


53 


64.9 


84 


40.9 


, 23 


149.5 


54 


63.7 


85 


40.4 


24 


143.2 


55 


62.6 


86 


40.0 


25 


137.5 


56 


61.4 


87 


39.5 


26 


132.2 


57 


60.3 


88 


39.1 


. 27 


127.3 


58 


59.3 


89 


38.6 


28 


122.7 


59 


■58.3 


90 


38.2 


29 


113.5 


60 


57.3 


91 


37.8 


30 


114.6 


61 


56.4 


92 


37.4 


.31 


110.9 


62 


55.4 


93 


37.0 
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Tabls I. — Continued. 



Angle 




Angle 




Angle 




in 


Feet 


In 


Feet. 


in 


Feet. 


Mtnutcfr 


Minute*. 1 




Minutes. 




94 


36.6 


129 


86.6 


164 


81.0 


95 


36.2 


130 


26.4 


165 


20.9 


96 


35.8 


131 


26.2 


166 


20.7 


97 


35.4 


132 


26.0 


167 


20.6 


98 


35.1 


133 


25.8 


168 


20.5 


99 


34.7 


134 


25.6 


169 


80.3 


100 


34.4 


135 


25.4 


170 


20.8 


101 


34.0 


136 


25.2 


171 


80.1 


108 


33.7 


137 


24.0 


172 


80.0 


103 


33.4 


138 


24.2 


173 


19.9 


104 


33.0 


139 


24.6 


174 


19.8 


105 


32.7 


140 


24.5 


175 


19.7 


106 


32.4 


141 


24.4 


176 


19.5 


107 


32.1 


142 


24.2 


177 


19.4 


108 


31.8 


143 


24.0 


178 


19.3 


109 


31.5 


144 


23.9 


179 


- 19.2 


lit) 


31.2 


145 


23.7 


180 


19.1 


111 


31.0 


146 


23.5 


181 


190 


112 


30.7 


147 


23.3 


182 


189 


113 


30.4 


148 


23.2 


183 


18.8 


114 


30.J 


149 


23.0 


184 


18.7 


115 


29.9 


150 


22.9 


185 


18.6 


116 


29.6 


151 


22.7 


186 


18i6 


117 


29.4 


15^ 


22.6 


187 


18.4 


118 


29.1 


153 


22.5 


188 


18.3 


119 


28.9 


154 


22.3 


189 


18.8 


120 


28.6 


155 


22.2 - 


190 


18.1 


121 


28.4 


156 


22.1 


191 


18.0 


122 


28.8 


,157 


21.9 


192 


17.9 


123 


27.9 


158 


21.8 


193 


17.8 


124 


27.7 


159 


21.6 


194 


17.7 


125 


' 27.5 


160 


21.5 


195 


17.7 


126 


27.3 


161 


81.4 


196 


17.6 


127 


27.1 


162 


21.3 


197 


17.5 


128 


26.8 


163 


21.1 


198 


17.4 



1«0 
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Table L'-^antinued. 



^ingk 




Angle 




Angle 




in 


Feet. 


in 


Feet. 1 


in 


Feet 


Minutes. 




Minutes. 


i 


Minutes. 




199 


17.3 


223 


15.4 


247, 


i5.9 


200 


17.2 


224, 


15.4 


248 


13.9 


201 


17.1 


225 


15.3 


249 


13.8 


202 


16.0 


226 


15.2 


250 


13.7 


203 


16.9 


2^7 


15.2 


251 


13.7 


204 


16.9 


228 


15.1 


252 


13.6 


205 


16.8 


229 


15.0 


263 


13.6 


206 


16.7 


230 


14.9 


254 


13.5 


207 


16.6 


231 


14.9 


255 


13.5 


208 


16.5 


232 


14.8 


256 


13.4 


209 


16.5 


233 


14.8 


257 


13.3 


210 


16.4 


234 


14.7 


258 


13.3 


211 


16.3 


235 


14.7 


259, 


13.2 


212 


16.2 


236 


14.6 


260 


132 


213 


16.1 


237 


14.5 i 


261 


13.1 


214 


16.1 


238 


14.4 I 


262 


13.1 


215 


16.0 


239 


14.4 


263 


13.0 


216 


15.9 


240 


14.3 


264 


13.0 


217 


15.9 


241 


14.3 


265 


13.0 


218 


15.8 


242 


14.2 


266 


12.9 


219 


15.7 


243 


14.1 


267 


12.8 


220 


15.6 


244 


14.1 


268 


12.8 


221 


15.6 


245 


14.0 


269 


12.7 


222 


15.5 


246 


14.0 


270 


12.7 
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Table II. Shewing the Distances at which different 
Angles are subtended by a Bod^ siiifeet long. 



Angle 
In 


Feeu 


Angle 
in 


Feet. 


Angle 
ill 


Feet. 


Wnntai. 




Mintitea. 




Minutes. 


• 


1 


20626.8 


32 


644.5 


63 


327.6 


2 


10313. 


33 


625. 


64 


322.5 


3 


6875.4 


34 


606.6 


66 


317.5 


4 


5156. 


36 


589.3 


66 


312.5 


5 


4135.2 


36 


672.9 


67 


307;9 


6 


3437.7 


37 


557.5 


68 


303.3 


7 


2946.6 


•38 


542.8 


69 


299.0 


8 


2578.2 


39 


528.9 


70 


294.7 


9 


2291.8 


4d 


515.6 


71 


290.5 


10 


2062.6 


41 


503.1 


72' 


286.4 


11 


1875.2 


42 


491.1 


73 


262.5 


13 


I7ia8 


43 


479.7 


74 


278.7 


13 


1586w7 


44 


468.8 


75 


275.0 


14 


1473.3 


45 


458.4 


76 


27^1.4 


15 


1375.0 


46 


448.4 


77 


267.9 


16 


I29ai 


47 


438.9 


78 


264.4 


17 


1213.3 


48 


429.7 


79 


261.1 


18 


1145.9 


49 


421. 


80 


26718 


19 


1085.6 


50 


412.5 


81 


264.7 


20 


1031.4 


51 


404.4 


82 


25i:5 


21 


982.2 


52 


396.7 


83 


248.6 


22 


937.6 


53 


389.2 


84 


2453 


23 


896.8 


54 


381.9 


85 


242.7 


24 


859.4 


55 


375. 


86 


239.8 


25 


825. 


56 


368.3 


87 


237.1 


.26 


793.3 


57 


361.9 


88 


234.4 


27 


763.9 


56 


355.6 


99 


231 ;8 


28 


736.6 


59 


349.6 


90 


229.2 


29 


711.3 


60 


343.8 


01 


226,7 


30 


667.5 


61 


338.2 


92 


224.2 


31 


6iS5.4 


62 


332l7 


93 


22i;8 
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♦ 
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Table II. 

'ill'' 


— Continued. 




» . * 


Angle 


fe Angle 




Angle 




Mi 


in 


. Feet. 1 in 


Feet. 


.in 


Feet. 




Minutes. 


HMinutes. 




Minutes. 


1 




94 


219.4 


129 


160.0 


164 


125.7 




95. 


.217.1 


130 


158.7 


165 


125.0 




96 


214.8 


131 


157.6 i 


166 


124.2 




P7 


212.7 


13? 


156.2 


167 


123.6 




98; 


210.5 


133 


166.1 


168 


122.7 




99 


208.4 


134 


163.9 


169 


122.0 




100 


206.3 


135 


152.8 


170 


121.3 




101. 


20i.2 


136 


151.6 


171 


120.6 




102 


202.2 


137 


150.6 


172 


119.9 




. 103 


200.3 


138 


149.5 


173 


119.2 


* 


104 


198.3 


139 


148.4 


174 


118.5 




105 


,196.5 


140 


147.3 


175 


117.9 




106 


194.6 


141 


146.3 


176 


117.2 




107 


192.9 


142 


145.2 


177 


116.6 




108 


190.9 


143 


144.2 


178 


116.9 




109 


189.2 


144- 


143.2 


179 


116.3 




110 


187.5 


145 


142.2 


180 


114.6 




111 


185.8 


146 


141.2 


181 


114.0 




112 


184.1 


147 


140.3 


182 


113.3 




113 


1825 


148 


139.3 


183 


112.7 




114 


180.9 


149 


138.4 


184 


112.1 




115 


179.4 


150 


137.5 


185 


111.6 




116 


1 77.8 i 


151 


136.6 


186 


110.9 




117, 


176.3 


152 


135.7 


187 


IIO.5 




118 


174.8 


153 


134.8 


188 


109.7 




119. 


173.4 ! 


154 


133.9 


189- 


109.1 




120 


171.9 


155 


133.1 


190 


106.6 




121 


170.5 i 


156 


132.2 


191 


107.9 




122 


169.1 


157 


131.4 


.192 


107.4 




123 


167.7 


168. 


130.5 


193 


106.8 




124 


166.3 i 


159, 


129.7 


194 


106.3 




125 


165.1 1 


160 


128.9 


195 


106.7 




126 


163.8 


161 


126.1 


196' 


105.2 




127 


162.5 


162 


127.3 


l'9t' 


104.7 


128 


ldi.2 


•163 


126,5- 


.m. 


-Ma. 
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Table II. — Continued. 



Angle 




Angle 




Angle 




in 


Feefc 


in 


Feet. 


in 


Feet. 


Minutes. 




Minutes. 




Minutes. 


• 


199 


103.6 


223 


92.5 


247 


83.4 


200 


103.1 


224 


92.1 


248 


83.1 


201 


102.6 


225 


91.7 


249 


82.8 


202 


102.1 


226 


91.3 


250 


82.5 


203 


101.6 


227 


90.9 


251 


82.1 


204 


101.1 


228 


90.5 


252 


81.8 


205 


100.7 


229 


90.1 


253 


81.5 


206 


100.2 


230 


89.7 


254 


81.2 


207 


99.7 


231 


89.4 


255 


80.9 


208 


99.2 


232 


89.0 


256 


80.6 


209 


98.7 


233 


88.6* 


257 


80.3 


210 


98.2 


234 


88.2 


' 258 


80.0 


211 


97.7 


235 


87.8 


259 


79.6 


212 


97.3 


236 


87.4 


260 


79.3 


213 


96.8 


237 


87.0 


261 


79.0 


214 


96.4 


238 


86.6 


262 


78.7 


215 


95.9 


239 


86.2 


263 


78.4 


216 


95.4 


240 


85.8 


264 


78.1 


217 


95.0 


»41 


85.5 


265 


77:8 


218 


94.6 


242 


85.2 


266 


77.5 


219 


94.1 


243 


84.8 


267 


77.2 


220 


93.7 


244 


84.5 


■2^ 


76.9 


221 


93.3 


245 


84.1 


269 


76.6 


222 


92.9 


: 246 


83.8 


. 270 


76,4 



. * 
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I 
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Table III. Shewing the Distances at which differ* 
eni Angles are subtended by a Body twentt 
feet long. 



Aji^e 




. Aqgle 


Feet. 


Angle 




itk 


Feet 


i» 


in 


Feet. 


Minutes. 




Minutes. 


■ 


Minutei. 




1 


69765 


32 


2079 


63 


1091 


i 


34877 


33 


2084 


64 


1074 


3 


22918 


34 


2022 


65 


1068 


4 


17189 
13761 


35 


1964 


66 


1042 


5 


36 


1910 


67 


1026 


6 


11460 


37 


1858 


68 


1011 


7 


9822 


38 


1809 


69 


996 


8 


8594 


39 


1762 


70 


982 . 


9 


7639 


40 


1719 


71 


968 


10 


6876 


41 


1677 


72 


9&S 


11 


6260 


4S 


1637 


73 


942 


12 


6730 


43 


1699 


74 


929 


13 


6289 


44 


1663 


76 


917 


14 


4910 


45 


1628 


76 


905 


15 


.4584 


46 


1495 


77 


893 i 


16 


41^97 


47 


1462 


78 


881 J 


17 


4044 


48 


1432 


79 
80 


870 


16 


3820 


49 


1404 


,859 i 


.19 


3619 


50 


1375 


81 


848 ; 


20 


3438 


51 


1348 


82 


838 


21 


3274 


62 


1322 


83 


828 


22 


3125 


53 


1298 


84 


818 


23 


2989 


64 


1273 


85 


808 


24 


2865 


56 


1250 


86 


799 


25 


2750 


56 


1228 


87 


790 


26 


2644 


57 


1206 


88 


781 


27 


2547 


58 


1186 


89 


772 


28 


2455 


69 


1166 
1146 


90 


764 


29 


2371 


60 


91 


756 


30 




61 


1127 


92 


747 


31 


2S18 


62 


1109 


93 


739 
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-nsr 




A^ 




Angle 


T T 


ID 


FM, 


f> 


Fen. 


II 


Ftet. 


HJDUIW 








•"•"•"I 1 


94 


731 


129 


633 


164 


419 


an 


723 


130 


92» 


166 


416 


OS 


716 


131 


686 


166 


414 


BI 


789 


13* 


»l 


167 


411 


as 


702 


133 


617 


168 


409 


9» 


<9« 


134 


613 


169 


406 


100 


687 


13S 


609 


170 




101 


680 


136 


605 


171 




MB 


674 


13? 


501 


172 




UB 


667 


138 


4«S 


173 




IM 


661 


139 


494 


174 




lOf 


6U 


140 


491 


176 




106 


648 


141 


487 


176 




107 


643 


142 


484 


177 




108 


6OT 


143 


48Q 


178 




joa 


6SI 


144 


477 


179 




llfr 


62S 


146. 


474 


180 




111 


610 


146 


471 


18* 




112 


614 


147 


407 


182 




lis 


608 


148 


4«t 


183 




u« 


603 


14« 


461 


164 




11£ 


sua 


ISO 


V» 


IS6 




US 


4W 


161 


466 


186. 




117 


m 


162 


452 


187 




Its 


58S 


163 


449 


188 




119 


678 


164 


446 


189 


364 


120 


673 


166 


443 


190 


362 


121 


668 


166 


441 


191 


360 


128 


664 


157 


438 


192 


358 


123 


669 


158 


436 


193 


356 


124 


664 


169 


432 


194 


364 


125 


649 


160 


430 


195 


362 


126 


646 


161 


427 


196 


351 


127 


641 


162 


424 


197 


34« 


128 


637 


163 


421 


198 


347 



166 
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^Table Itl.^-^QnHfiued. 



Angle 




Angle 




Angle 


1 


in • 


Feet* . 


in 


Feet* 


iti 


Feet. 


Minut^ 


' 


Minutes. 




Minutes. 


' " • 


199 


345 


223 


308 


247 


278 


200 


344 


224 


307 


248 


277 


201 


342 


226 


305 


249 


276 


202 


540 


226 


304 


250 


276 


203 


338 


227 


302 


251 


274 


204 


337 


228 


301 


252 


273 


206 


335 


229 


300 


253 


272 


206 


334 


230 


299 


254 


271 


207 


332 


231 


297 


255 


269 


208 


330 


232 


296 


25« 


268 


209 


328 


233 


295 


257 


367 


210 


327 


234 


294 


258 


366 


211 


325 


235 


^ 


259 


365 


212 


324 


!^ 


291 


260 


264 


213 


322 


237 


290 


261 


363; 


214 


321 


238 


289 


262 


262 


215 


319 


239 


287 


263 


361 


216 


318 


^40 


286 


264 


260 


217 


316 


241 


285 


265 


269 


218 


315 


^4» 


284 


266 


258 


219 


313 


24S 


283 


267 


857 


220 


312 


,244- 


282 


268 


S&6 


221 


311 


245 


280 


269 


265 


•222 


310 


246 


279 


270 


264 



A 
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Table IV. Shewing the Distances at which diffe- 
rent Angles are svhtended hf a JBochj^ thirty 
feet long, •»: 



Angte 
Hft ' 
Midiif*^ 



. 1. 

* % 

'. 4 
(■& 
. « 

7. 
»• 8. 

9. 

1« 

fll. 

.IS 

15 
1ft 
17 

;i» 
i» 
aa 

*:23. 

•2& 
'Sft 
27- 
28- 

31 



PeU. 



>*i*« 



103132 

isidae 

34377 

25783 

2CM26 

17188 

14733 

12896 

11459 

10313 

9376 

8594 

7933 

■ ism 

6876 
6448 

: 6067 
&739 
£438 
5157 
4911 

; 4688 
4492 
4297 
4135 
3966 
3820 
3eS3 
3SS6 

:3438 
3326 I 



Angle. 
MinuMB. 



■Aa«k 



(33 

34' 

36: 

"36? 

•37\' 

•as 

39 

nor 

(41.' 

•AS; 

;4liL' 
<i6r 

^) 

'(49) 

;50) 

;5ii 

-,02! 
■.53> 
■m 
'56) 
6® 
t67» 
,<58t 



Keet. 



g Angle. 

■ In 
Minutes. 



'60 

81 

i62» 



:3224 

3136 

3033 

2946 

^S64 

,2788 

!2714 

2644 

'2978 

2616 

:2456 

■%3BS 

^44 

13292 

i2242 

,2194 

2148 

2104 

:2(i02 

2022 

1984 

1946 

1910 

1874 

1842 

IBIO 

1778 

1748 

1719 

< 1691 

: 1663 



63. 
: 64 

'66: 

m 

= 68. 

69 
70 

; 71 

72 
75 

74 

■.?» 
r;76 

79 

\m 

81 
^83 
85 
84 
85 
86 
87 

89 
90 
91 
' 98 
93 



X 



lii 



•Feet. 



1687 
il612 

1687 
;i663 

1^40 
11617 

1496 

1473 
•1452 
1 14^ 
\ 1412 

1396 

1375 
;1S57 

1330 

i3ge 

1305 
1269 
VgTA 
126B 
1243 

:i228 
1213 
1199 
1185 

:1172 
1169 

11146 

!ll33 
1121 
1109 



f ii" 1 >»iri 



'* em 



\ 



1C8 
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Tablr JY. — Continued* 



ABgte 




lAnik 


\ 


Angie 


I 


in 


- Feet. 


in 


Feet. 


in 


Feet. 


Minutes* 

• 




Minutes. 




Mimitet. 


1 1 


94 


1097 


129 


799, 


164 


629 


95, 


1Q95 


m 


793 


105. 


625 


m 


1074 


131 


787 . 


166 


621 


93^ 




13»- 


-781- 


167 


617 


9B 


fiM>2 


138 


775 


168 


614 


99 


1041 


134 


770 


169 


610 


100 


K)S1 


130 


7S64 


170 


S06 


101 


lOSl 


13ft 


758 


171 


602 


•loa 


1011 


137 


i752 


178 


S99 


1081 


fOOl 


198 


;m7 


173 : 


996 


ICNi 


«9S 


13» 


742 


174 


592 


lOA 


, 968 


140 


787 


175 


589 


OOft 


973 


Ut 


791 


IM 


5B0 


lost 


964 


U% 


1386 


17T 


582 


108 


ses 


f«3 


7«1 


178 


'519 


1091 


, 946 


144 


■ :71» , 


ITS 


536 


lift 


I I07 


145 


i71il 


ISO 


533 


ltl< 


; 'IK» 


14d- 


706 


mr 


i570 


nm 


oei 


147 


tm 


isa 


107 


113 


■913 


148 


em 


18S 


sea 


114 


: 905 


149 


692 


mk 


500 


H& 


1897 


lao 


688 


19& 


mr 


116 


8S9 


1«1 


683 


)M 


5iS4 


117: 


861 


ISIt 


ero 


187 


5&1 


118 


8T4 


159 


673 


18» 


549 


iia 


a$6 


154 


6S9 


189 


5«6 


lao 


' .859 


'1S& 


065 


190 


518 


lan 


862 


150 


601 


191 


540 


183 


; S45 


151 


657 


192 


537 


1S» 


887 


158 


OSS 


199: 


m> 


lai 


880 


159 


649 


194 


sm 


im 


8)24 


160 


ms 


198: 


528 


im 


818 


161 


m) 


I9£ 


;«i6 


la^ 


813 


VBg 


636 


197. 


523 


im 


' '806 


l«3 


692 


198. 


521 
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Table TV .—CotUiimed. 



Angle 

• in 

Minutes. 



199 

300 

301 

808 

80S 

804. 

dO» 

80^ 

SOT 

30» 

809 

810 

811 

318 

813 

814 

815 

816 

817 

818 

^19 

830 

881 

883 



Feet. 






518 
516 

5ia 

51^ 

507 

505 

50S 

501 

498 

496 

49S 

491 

488 

486 

484 

488 

479 

477 

475 

4T3 

471 

469 

466 

464 



Angle 

in 

Minutes. 



883 

334 

385 

336 

337 

388' 

339 

330 

331 

833 

833 

834 

835 

336 

33Z 

^8 

339 

340 

8«t 

'343: 

343 

344 

345 

846 



i#"*« 



mfmmrat 



Feet. 



468 
460 
.468 
456 
453 
458 
450 
448 
446 

X' Mr V 

448 
441 

439 



435 
433 
481 

487 
436 
484 
4^ 
430 
419 



Angle 

in 
Minutes 



847 

848 

U9 

360 

351 

353 

853 

354 

855- 

356 

367 

8£8 

859 

360 

861 

868 

863 

364 

865 

866 

867 

868 

369 

870 



Feet. 



417 

415 
413 
413 
410 
409 
407 
406 
404 
408 
400 
399 
397 
396 

393 
391 

xSfnJ 

388 
386 
386 
383 



f^ 
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Table V. Shewing the Distances ai which different 
Angles are subtended by a Body fobty feet 
long. 



I AngJ, 




Angle 

in 

Minutei. 




Ai)gle 


■ 


r in 


Feet. 


Feet. 


Jn ■ 


.Feet. 


Minutes. 

♦ 


1 


« 


'MinntM. 

1 


, 


1 


137510 


32 


4296 


63 


2188 : 


2 


68755 


S3 


4166 


64 


2148 


3 


45837 


34 


4044 


65. 


2115 


4 


34376 


35 


3928 


66 


2063 


: 5 


27502 


36 


3820 


6T 


2052 


6 


22918 


87 


3716 


«8 


2022 


■ .T- 


19644 


38 


3618 


69 


1993 


8. 


17189 


89 


3526 


3» 


1964 


9 


15279 


40 


3438 ! 


71 


1937 


10 


13751 


41 


3354 


72 


1910 


11 


12S01 


42 


3274 


73 


1884 


12 


11459 


43 


3199 


, 74. 


1858 


13; 


10576 


44 


3125 


75 


1833 


14 


9822 


45 


3066 


76 


1809 


15 


9167 


46 


2990 


77 


1786 


16 


8594 


47 


2926 


78 


1763 


17 


8089 


48 


2865 


79 


1741 


18. 


7640 


49 


2806 


80 


1719 


19 


7237 


50 


2T50 


81 


1698 


20 


6876 


51 


2696 


82 


1677 


21 


6548 


52 


2644 


83 


1657 


22 


6250 


53 


2594 


84 


1637 


23 


6978 


54 


2546 


85 


1618 


24 


5730 


55 


2500 


86 


1599 


25 


5500 


56 


2455 


87 


1581 


26 


5288 


67 


2412 


88 


1663 


27 


5093 


.58 


2370 


89 


1545 


28 


,4911 


69 


2330 


90 


1628 


29 


4740 


60 


2292 


91 


1511 


30 


4584 


61 


2255 


92 


1496 


31 


4436 


62 


2218 


93 


1479 
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Table- V. — Coniimedl 



Angle 1 


• 


Angle 


1 


Angle 


' Feeti 


in . 


Feet. 


in : 


Feet. 1 


in : 


Minutes. 


* '- 


Minutes. 




Minutes. 


t 


94 


1463 


129 


1066 


164^ 




95 


1446: 


130 


1058 


165 


tm 


96 


1433 


131 


: 1060 


166 


8Sft 


97 


1418 


339 


1042 


167 


89» 


98 


1403 


133 


■ 1034 


168 


8I« 


99 


1389 


134 


1020 


169 


. 813 


100 


1375 1 


136 


1017 


170 


809 


101 


1361 


136 


1009 


171 


^so4 


102 


1348 


137 


1002 


179 


799 


103 


1835 


138 


^996 


173 


794 


104 


1322 


139 


!989 


174 


•790: 


105 


1309 


140 


.982 


176 


T86 


106 


1297 


141. 


975 


176 


781 


107 


1285 


142 


.968 


177 


T76 


108. 


1973 


143 


"Ml 


178 


772 


109. 


1261 


144 


955 


179 


'768 


110 


1250 


145. 


i946 


180> 


764 


111 


1239 


146 


' .94@ 


181 


760 


112, 


1228 


147 


»S5 


182 


756 


113 


1217 


148 


'999 


183 


7S1 


114 


1206 


149. 


:923 


184 


74T 


115 


.1195 


160 


'917 


186 


743 


116 


1186 


161 


.911 


186 


7391 


IIT 


U70 


152 


1905 


187 


T35 


118 


1165 


153 


899 


188 


731 ^ 


119 


1156 


154 


893 


189 


727 


120 


1146 


155 


887 


190 


724 


121 


1136 


156 


881 


191 


720 


122 


1127 


157 


875 


192 


716 


123 


1118 


158 


870 


193 


712 


124 


1109 


159 


865 


194 


709 


126 


1100 


160 


860 


196 


706 


126 


1091 


' 161 


854 


196 


701 


127 


1082 


162 


849 


197 


697 


128 


1 1074 


163 


843 


198 


694 
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Tabui Y^f-^cnHnued. 



1 Aa^ 




Angle 




Angle 


% 


[to 


J'60Ca 


Ja 


Fed. 


'in 


Feet 


199 




Minutes. 




Minutes • 




691 


223 


616 


247 


556 


SOO 


CB8 


224 


614 


248 


554 


aoi 


684 


225 


611 


249 


552 


ffB 


680 




608 


250 


550 


203 


677 


287 


605 


251 


547 


204 


674 


ZSbo 


603 


252 


545 


205 


670 


229 


600 


253 


543 


208 


667 


230 


598 


254 


541 


207 


664 


231 


595 


255 


539 


20S 


661 


232 


592 


256 


537 


209 


657 


233 


589 


257 


535 


210 


654 


234 


587 


258 


533 


211 


651 


235 


585 


259 


531 


212 


648 


236 


583 


260 


529 


213 


645 


237 


£80 


261 


527 


214 


642 


238 


578 


262 


525 


215 


639 


239 


575 


263 


523 


216 


636 


240 


572 


264 


521 


217 


633 


241 


670 


265 


519 


213 


631 


242 


&00 


266 


517 


219 


, Wo 


243 


565 


267 


515 


220 


625 


244 


563 


268 


513 


2tl 




245 


561 


269 


511 




619 


246 


569 


270 


509 
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CHAP. II. 

Description of a Ikmbie^Imc^e Telescope^ and 
Coming'up Glass for measuring Distances. 

.' - • . -. < .... . 

The theory and 'cojastruction of this instrament, 
when employed as a micrometer for determining 
angles in the heavens, has already been fully con- 
sidered in another part of this volume. .Ilie ap« 
plication of the principle to a military and naval 
telescope for measuring angles and distances,^-— 
the construction of the scale,fand the piethod of 
using the instrument, remaiti to be considered in 
the present Chapter. 

The double-image telescope^ in its common 
form, is represented in Plate VIII. Fig. 1. where 
AB^ BC» CD, D£ are the tubes of which it is com- 
posed. The principal object-glass is fixed at the exr 
feremity A : The moveable object-glass, which coa- 
sists of two semilenses, having their centres fixed at 
an invariable distance, as shewn in Plate II. Fig. 6» 
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is screwed into the end of the tube DC, and is si« 
tuated a little to the left of C ; and the eye-piece 
is contained in the tube DE. By pushing the 
tubes BCi CD into the outer tube AB, the move- 
able semilenses near C will be brought into con- 
tact, or nearly so, with the principal object-glass 
at A ; and distinct vrsioh will be procured by ad- 
justing the eye-tube DE. When this adjustment 
is^made, two images of any object to wl)[ich tlie 
instrument is directed will be distinctly seen in 
the field of view. If the object is so small as 
to occupy less than about on^-third of the field, 
the two images will be completely separated 
frmn one: another ; but if it is so large as to 
occupy a greater, portion of the field, the twoi 
images will overlap esth other. When the object-' 
glass imd semilenses are thus in contact, the 
ina^^ifying- power of the telescope will be a mi^ 
nifnum, and the angle subtended by the oentres' 
of the two images will be a maximum. By puU- 
ling out the tube CD, the semilenses near C will 
be separated from the principal object-glass ;•— : 
distinct vision will again be procured' by read.< 
justing the eye- tube DE i — ^the magnifying power 
of the telescope will be increased, and the angle; 
subtended by the centres of the images will be di^^; 
minisdied. . In ilike manner,^ by pulling, but the; 
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lube GB^ and' producing tlb6lict visiota by: a Btnv 
adjustment of the eye-piece>the magnifying.pawes 
of the instrument will be still farther increased^ 
and the angle subtended by tlie centres ^ofi the 
images diminished ; but when the distance of the 
semilenses from the principal object-gIas3 ds equal 
to tb^ focal length of the latter, the magnifyjoig 
power of the telescope will be' a mctxi^mi ^od 
the'aiigle subtended by Jtbe centres of the images 
win be a mmimuni). . / * : 

By making the semilenses, therefore, movier 
along the axis of the tekscope between the ab^. 
ject-^glass and its principal; focus, the centres of 
any two images formed by the leiises, may hi 
made to iseparate or approach each other, justas if 
the centres of the semilenses themselves had been 
, permitted to separate or^ ap|n*oach' each otfaef 
by a motion' in 'the dirtotion of their coimn'on'di- 

■ 

ameter« ^ \ 

We have already explained, in a former part of 
this volume, the principle of measuring angl<^s> 
by the cdntact of double images, and we have 
also demonstrate, that equal changes are pro«>' 
duced upon the ai^le subtended by the line- jbin-i? 
ing the centres ' of the two images, T)y equal mo^ 
tions of the semilenses along the axis of <^the t^e^ 
scope, pr»^ in" qther- words, that the scale wi^h 
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measures the variations of the angle, is a scale of 
equal parts. It only remains, therefore, to point 
out the method of observing the angle which any 
portion of space subtendsatthe eye of the observer^ 
-*-to shew how to construct the scale of the iurr 
strument,—- and to describe the advantages which 
it possesses in measuring the distances, and the 
real and apparent magnitudes of objects. 

If the double-image telescope is directed to 
any object w;hich occupies but a ^mall portion of 
the field when the semilenses . and the objects 
glass are in contact, the two images of that ob- 
ject will be completely separated from each other. 
If the common diameter of the semilenses, or^ 
what b the same thing>. if the line which joins 
their coitres is perpendicular to the. horizon^ the 
line which joins the centres . of the two images 
will also be perpendicular to the horizon ; or the 
one image will be above the other : And^ iik ge- 
neral, whatever be the inclination to the horizon 
of the. line which joins the centres of the s&hU 
lenses, the line joining the centres of the images 
will have a similar inclination. .. Hence it follows, 
that while the telescope is turned round its axis^ 
the line which joins the centres of the two images 
will also have a corresponding rotatory motion. 
Now, if ABDC, Pl^te VIII. Fig. 7. be any object^ 
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such as the window of a house, and if it is required 
to measure the angle subtended by the breadth of it 
AB, increase or diminish the distance between the 
object-glass and the semilenses, till, by turning the 
telescope round its axis, the upper part a b of thd 
one image of the window is in contact with. the 
upper part AB of the other image^ Whea tins 
happens, the index will point out upon the seaie 
the angle subtended by AB. . If the angle i|ub« 
tended by BD had been required, it. would have 
been necessaiy to push in the^ semUbnses, and 
turn the telescope about' its axis t^ . the .pmut tf 
of the one image coincided with the correspond* 
ing point B of the other image. If A, B, instead 
of beiiig the extremities of any object AB^ 9ste 
'merely separate points, such as two stars, the «Ih 
servation is made in precisely the same wey^ ai^ 
the angle wiH be pointed out on the scale when 
the second image a of the star A is in contact 
with, or exactly covers the image B of the star. 

Though the two ^images have different decrees 
of distinctness in difierent parts of the field, tiie 
observer has it in his power to make* any of the 
images more distinct than the other, merely by 
changing its place in the field of view ; and it 
wQI always contribute to the accuracy of the 
ebservation to bring the part of the image where 

M 
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jUie contact is to be observed, kito tihe centTfe oC 
the fields or iato that part of it where the points 
of contact are . most distinctl j seen, The obr 
server will at first experience some difficult tn 
Idnguig the two images readily into qont9ct» 
particiilarij when the olyects are not luminoiis ; 
tart a little prictice wiU rconave the i^^ij^ 
mad rrader this netho4 txf observing jmglos h«tk 
eaqr a^d .pleasant. 
Before we b^in to construct the scale of the 

ittiAT^mmU whschiaeii^[raif«»on the tubes BC>CPk 
Fkte YHL Fig. U wemwt firs^ deiennuie the 
^U^t whkh ou|^t to be givmi to tiie $Qslet w th# 
interval between tl^ extreme mglei^ and Ukewiae 
^ p^^o^t v'^lue ^ the smaltest ai^los pr th«t fM^ 
whk^ tl^ scale should comin^nfe. The intervidt 
between the extreme angles is regulated solejly bjr 
tiM» fboil length of the dfmitenses* md the vidue 
«f the smallest angle, diependi up^i^ th^ di&tancf 
of their Centres. 

If « be the ibcal length of the s^milenaesi and b 
their distance from theprincipttl focus/of the fijcfd 
^Iflect-glass, thm wa have (See Ptete I. Fig, «.) 

€^F = jq^ ; but when the object-glass and semi- 

kinses are in contact* b is equal to the pri|i(^lpiM 
focal length of the former* and QF is ^^wd jt^ 
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Ae focal length of the combined gl$Af^8« Let ud 
suppose, thexefim^ that the prindpal focid leng*tll 
of the object-glasfr is 90 ia^es^ and thM it is re^ 
quired to give such a focal lengih to the semi- 
knsesy that the extreme angles may be to one 
another in the ratio of 24 to 6. As the magni- 
fying powers are aft the focal lengths, and Ae 
anglea invarsely as the magnifying powers, Hm 
angles will be inversely as the focal lengths ; so 
tiiat the focal length of the combined ^Mses, 
When they are in contact, should be to tUeif foctl 
length, when they are at thdbr greatest fistanee, 
as to 24 ; but their foedl length is 90 inches in 
the latter case, when the semilenses are $A the 
principal fbcal point of the object ^ass, and there^ 
fore we have 

24 ! 6 =& SO : 7;5, 
which is the vahie of GF, or the fticd length Mien 
tiie glasses are in doiitact. Now the fbrmula 

G F = T-T7J becomes by reduction y= ^^ Qp which, 

in the present example, gives ^=3^:^= 10; so 

that the focal length of the semilenses must be 
10 inches, in order to make the extreme angles in 
the ratio of 6 to 24. By making the ratio of the 
extreme angles as m i n, and calling/ =s the focal 



ISQ PQIIBUb*Il£A6S TBLBfCOPB . BOpKJlI« 

length of the principal otgect-glass» we may obtaia 
a more general formula : Thus, . 
m : n =/: GF. Henoe 

GF = -^ ; and substituting this value of 
GF instead of GF in the last formula, we obtain 

bnf i 

*=— r--—?* iMit wlien the semUensesare 

mb — «/ 

in contact with the object-glass 6=/. Hence 

f = ij_i> which m the present case is ^ = g^^g 

£= 10 as before* The focal length of the semi« 
liaises being thus acconunodated to the ratio of 
tbe extreme, angles, or the interval between them, 
Wfi rn^ttst then fix upon a convenient v^ue for the 
wudlest angle, by which the distance between 
the centres of the semilenses must be i^gulated^ 
Now, in Plate II. Fig- 4., OF = GF inFig. 5., and, 
it has already be^i shewn (page S2«) that AFB is . 
the angle subtended by the objects M, N when ^ 
the images of those objects are in contact at F ; 
consequently, making a = the smallest angle, 
ajad )=:.OA=: half of the required distance be* 
tween the centres of the semilenses, we have 
OF : OA = Rad. : Tang, i a, and 

_. . 5 OF X Tan.|g , ^ 
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OF=GF = ^: Hence>a-^xT«n.|fl ,. , 

^* — ni ' x*^«^^ fft -^ g » which, as- 

' Had. 

Miming SO'.for the raial|est angle, beeomes > = 
Ltog. 7.5 + Log, Tang- 25' — Rod. = 0.05454 ; 
which, being doubled, gives 0.10908, or nearly 
eleven hundredths of an inch for the distance be- 
tweien the centres of. the semilenses. The smalK 
est angle being taken at 50'^ the greatest angle 
will be found by the following analogy. 

6 : 24 = 50^ : 200', or 3^ 20'. 

Though we have thus determined by calculation 
the value of the two extreme angles of the scale, yet, 
as it is difficult to measure, with sufficient accura- 
cy, the focal length of the different glasses, and 
the distance between the centres of the semilenses, 
we must have recourse to ^periment for deter- 
mining correctly the value of the extreme angles, 
as the accuracy of the whole scale dependist upon 
the result* 

In order to do this with the greatest exactness, 
provide twoequal rectangularpiecesof whitepaste- 
board, like A, B, Plate VIII. Fig. 8., and fix each 
of them to a sharp pointed piece of wood or iron, 
in the way represented in the Fi|^re; so that 
when the pins are fixed in the ground, the line 
AB which joins the pieces of pasteboard may 
nearly coincide with the upper sur$Eu:e of theon^ 
and the lower surface of the other. On a level 
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piece of groimdy ft& tlie marks Alabd B at sadi aa 
interval from each other, that when vkwed by the 
telescope at any distaaee abo^e flOQ or SOOyaidi^ 
in a line perpratiMcttlar to Ite micMle part of AB» . 
aad when the semil^ues are in contact with the 
object g^ai», the lower wiface of the second image 
of A may exactly coindde with the upper suxlisoe 
of B» as is represented by thedoCted lines at A' in 
the Figure. This contact of the images may be 
obtained, either by approaching to or receding 
from A, B ; or by varying the distance between 
the fneces of pasteboard. When thec^Mstact is accu- 
mtely nbserved, we may caicukte the angle sub- 
tended at the ot^ect glass pf the tetescope, by the 
line ABwhidijmns the ceii^i^efl^fthe^ecesof pasted 
board» by the method whteh has already been es:« 
]dain^ in Cluqi* I., Book L By applying the coiiiec* 
tion also for the observation of focal length, ccmipu*^ 
tjed from the formula given in the same place* we 

obtain a oorrect value of one of the extf^eme angles 
of tl^ scale* The other extreme angle, whic)! is 

formed when the semilenses are at their grei^test 

distance ffoin the object glass, may be determined 

in the very same manner. Since the scale is one 

jttf equal parts, . it may be fbnned with sufiKcient 

aocuracy. without determining the angle at both 

extremities. Any intermediate angle will be suf* 
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fiiaeiitljr dbcuta^ asd If fhd iii8traftM»t h bet 
wanted fblf astrondnvk^ piif|MMe&» tltis interme- 
diate angle iaaybelbttlid with great facility^ bjr 
observing When the images irt the 8iin# Uikm in a 
horizontal liae^ are in c^taiH;* Th6 sun's diame* 
ter, as found in the Nautical Almanac for the 
given time, will be the imgle at that pari of the 
setdcf. The reason of taking thd h6risontill dia- 
meter ti£ the sun is to avdd the error of r^ftaoticm, 
with which everit other diameter of his disc is af«> 
fected. 

In thei example which we hdve ^ready taken^ 
th^ extent of tlie scale^ or the interval between tto 
extreme angles^ is eoo' -^ 6& m I60f^ ttakd the 
Imgth of the sc»le is 80 inches; w that two UkOm 
of an inch on the scale will correspoml to bne nuH 
nlite, or cm ^enHeih of an inch to 15 seeonds. 
Hmice th^ scale may be safely divided into 600 
equal pitjrts^ each df which will correspond to Iff^ 
of ft degree ; and eirM the fifth patt of ohe of these 
divisionjs^cd- 8"', Will bepetceptlMe to the naked eye. 
If greater ai^ctirdjcy is required with the saitae eX^ 
tent 6f Hd^te, these divisiohs may bd still fkrthef 
subdivided, by means of verniers prejectiiig ih)te 
the IfXti^mities B and of the tubes AB> BC ; fdt 
when the tube ABC is Completely pilihed into 
AB, the extrefnity C ^ the index for the divmons 
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olD CD, and when CD is completely <bawii o«t# 
the extremity B is tl^ index for the dtvisionson 
BC. As the reading off from a vernier is always 
tronldesome, and partioularly.in a portable instni* « 
ment, it would.be preferable to diminish the extent 
oithe scale, or the interval between the extreme 
angles, in order that a smaller number of seconds 
than 15 may be visible on the scale. Thus, if thB 
interval between the extreme angles is 50'T^2d 
or 80', then a whole inch on the scale will an« 
swer to a single minute, one tenth of an inch to 
^9 one iwerdteth of an inch to .3"; hence the scale 

m 

of .80 inches being divided as before into 600 parts, 
every itbreia seconds will be the value of an unit 
on the scale, and single seconds may be e^ilf read 
off by the naked eye* 

. The scale of the instrument being thus constiuct- 
ed, we should now proceed to point out its use in 
measuring distances; but as the applicaticm of the 
instrument for this purpose is made in precisely the 
same way as the micrometrical telescope, and as all 
the rules and .tables which we have given for the 
one ace equally applicable to the other, it .would be 
altogether unnecessary to resume the. subject in 
the present Chapter. It may be proper merely to 
remark, that the object, or portion of an object 
irhpse angle is measured by the meihod of doubte 
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images, ftfaoiald be chosen a$ luminous as possible, 
ot when it can be obtained it should be a dark 
otgect upon a light ground, such as the top of a 
faoiiKie with the sky behmd it. The direction of 
the line which joins the two points that compre-^ 
hend the ai^le may be inetii^d in any way to this 
hwizon ; and in measuring inaccessible distances, 
as represented in Plate VIII. Fig. 8., the two ima* 
ges of the object DE should appear separate, but 
as near each other as possible, when the obser- 
ver is at the station B, uidwhen the object glass 
and : semilenses are in contact. 

We have hitherto supposed that the telescope 
consists of four tubes AB,BC,GD, DE, Plate VIIL 
Fig. 1 ., and that by the motion of the tubes BC, CD, 
the semilenses approach to or recede from the object 

glass, whilethe adjustment of the tubeDE produces 
distinct vision. We have assumed this form of 
the instrument, as being the general form of por- 
table telescopes; but it is obvious that much 
would be gained in point of simplicity, by having 
only two tubes instead of three between A and 
D; and the facility of observation would be still 
farther increased, by having the tube nearest D, 
and likewise the eye tube DE, moveable w ith 
rack and pinion. By this means the adjtistments 
could be made with the utmost facility. 
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' The double inmge teleteope posseises tbenmie 
TahiaUe property at themiercmietrical iAstraihent^ 
Id requiting no corrtetioa for the angle in <Mak^ 
4|uence of the aberrlitixm of focal lengthy wfaUe it 
Ias the additiontal advantage of requiriiig noitaad 
or support. Wheti wirea or steel points are made 
to comprehend tlie bbdy^ the smallest agitaiiotf 
removes the wires or points from the extremities 
tA the object, and thus dhniniriies both the fact* 
Mty of making the observation^ alkd the accuracy 
•f the result* In the double imi^e telesckipe$ 
however, the two images always keep togetiier, so 
tiiat tibeir contact can be observed with the ut- 
most accuracy, not onl^ When it is exposed to a 
slight tremor in the hand of the dbservei-, biit 
even during the motion ctf a vessel at sea, or dii* 
ring the gentle agitation of a carriage. 

This valuable property retders the double image 
telescope of great utility, in situations where there 
is neither time nor opportunity fcnr steady obser^ 
vations. As a naval telescope, therefore, fdl' lnea« 
suring distanced in general at sea, but particular* 
ly as a C0ming-up^glMs f6r ascertaining whether a 
ship is approaching to, or receding from, the ob- 
server, it is entitled to particular notice. 

An ingenious instrument of this kind, invent- 
ed by the celebrated Mr Ramsden, has been for 
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setnend fetct% vmA in tiie En|^ith nwry. It con« 
»its of « eommon. teleseopej haviag one of the 
eye^^sies divided into two equal legmeiits, tke 
oentires <tf ividdi «ie separated fram each other by: 
a microBieter jciew^ By this means^ the centred of 
the two ioM^pes (o€ the object fonned by the sep 
ments of the eye-gla9s» are separated till they 
iQoaie in contact. The distftnce between the centres 
of the glasses is shewn in revolutions^ and parts of 
a revolution of tiie finger screw, by which they 
are separated^ The whole revolution are iodicaif 
ted by a scale on a small dip rfbiMs fixed to Ae 
eye-tube, while each of these units is subiUnded 
into hundredth parts, by a circular head fixed op 
the fingn screw. Another instrument for the 
same purpose, invented by M. Bochon of the Na* 
tional Institute^ and <Urector of the naval observar 
tory at Brest, has been used in the French navy, 
and found of very g^at utility. This instrumentt 
founded on the double refraction of Iceland cry^- 
tal, consists of two prisms (rf'that substance, move** 
aUe along the axis of the telescope. Two im- 
ages are of course formed ; and the angle subtend* 
ed by the line joining their centres, is measured 
by the distance between the prisms and the object 
glass. This instrument does great credit to the 
ingenuity of its inventor ; but its utility is ex« 
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tremely limited by the small extent of the scale, 
which, without a particular constructicm of the 
prisms, cannot measure angles above 20 minutes, 
andalso by the great difficulty of formingtheprisms 
with sufficient accuracy. ** I was desirous," says 
M. Rochon, " of extending the eflfect of the double 
refractions, so as to measure the diameter of the 
sun ; and I accomplished this, which appeared to 
exceed the known power of the double refraction 
of rock crystal, which does not go beyond 20 mi- 
nutes, when it is cut in the most advantageous 
|)rismatic^hape. For this, I employed two equal 
prisms, cut in the direction most suitable to my 
purpose ; and on placing them in opposite direc- 
tions, I found that the double refraction was not 
perceptible ; biit on reversing their directions, the 
double refraction of each prism was nearly dou- 
bled, so that I obtained two images separated by 
an interval of 40 minutes. I ought not to omit, 
that in this new construction, there are difficulties 
<)f execution not easy to surmount." 

From this it appears, that the instrument of M. 
Rochon will measure no farther than 20 minutes 
when it is made in the ordinary way, and no far- 
ther than 40 minutes when the new construction 
is adopted. But we have already seen, that in 
measuring distances, any error in the instrument^ 
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pr in the obsenratibny produce ^airenbr in the re^ 
imlt, which increases with the smallness of the 
i(PgJle» and therefore, in tte Iceland crystal micro* 
meter the results must be very inaccurate. It iji 
besides so troublesome, to coDstruct, so liable to be 
put.o:ut of border, and. so difficult to be repaired 
when it is injured, that we never can expect to 
find it in general use.* : The instrument, on the 
contrary* .which we have described in this Chapter* 
may have an extent of scale above 12 times great* 
er thai^ that of M. Rochon's micrometer, and may 

* The following quotation from the Memoir published by M. 
Rodion, points out the .use which has been made of his instni* 
m^t in the French navy. 

*^ Conformably to these new principles^ I have had two tele- 
scopes with a double refracting medium constructed under my 
oiwn inspection^ which General Gantheaume will employ for de- 
termining the position of his ships^ and to find whether he h^ 
approaching any he may meet with at sea. 

** The uses of an instrument for*measuring veiy small angles 
with precision, are too well known for me to describe its advan- 
tages. The officers of the English navy are so fuUy aware of 
them, that they have used, for some years, Ramsden's eye-glass 
micrometer, though this answers the end but imperfedtly, be- 
cause it does not give the measure of the angle, and because of 
the bad effect of the parallax produced by the decussation of 
Hbe rays that enter the eye. This defect is more sensible in 
Ramsden'j( eye-glass micrometer, than in Bouguer^s heliometec 
The officers who have compared my instrument with Ramsden'% 
of which there were several on board the Spanish ships with 
our Brest fleet, agree that the celebrated English artist has very 
imperfectly accomplished the object he proposed; andBouguer's 
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MecRlfe «q[Ies eren of 10 and 12 degrees. Its 
coBsfanictiony too, b es:tremel)r simple, and it c«i 
scftrcdljr be put out of onler ualess it is broken ui 
pieces. 

The method of employing it as a coming^ii. 
glass, may b* very shortly explidned. When « 
vessel is seen at a distance, it subtoids a certam 
angle at the eye ot the observer. If its distimce 
incteases, tliis angle wUl of course be proportion^ 
ally diminished ; and if it approadies to the ob*' 
server, the angle will be increased. . Now, if 'this 
vessel be viewed through the double image tde- 
scope, and if the semilenses are separated from 
the object glass, till the two ijofiages either of the 
whole vessel or of any part of it are in contact, we 
d[)tain from the scale the angle which that part 
subtends. If the images continue in contact, the 
distance of the vessel must have remained the 

beliometer would viiqimtkmably be prefiyable for navat use, be* 
csftuse it has less sensible parallax^ and gives the measure of spoaU 
angles, so important for determining the distances of ships from 
their Jqiown dimensions. 

<^ General Gantheaume/' continues M. Rochoi\, " has made an 
advantagieous rq^rt of this instrument, in bis jstopount of thf 
chace of the Swiftsure, which he captured.--*This instrument k 
»o di£Scult to execute, that I know only one. person, dtben Nar*' 
Q, Who is capable of giving rock crystal the prismatic form, i^ 
the proper direction for obtaining the douUe refirsctioQM neq^iH 
aaiy to the goodness of the micrometer." 
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same ; but if the images have separated from eaek 
other, the vessel must be ieoe£ng f lom the obser-^ 
ver ; and the pn^oition of the two distances nmy 
be found, by again bringing the images in contact, 
and finding the angle ane^:* Jf the first angle was 
50', and the second 40', then the first distance must 
hav^ bwii to the secaud^ bs 40 to 5Q, that is in th« 
inverse J%tio of th^ aniglefi. If the imf^fis^.Q^ the 
contrary, had overlapped each other at the second 
obiervation, the distance between the two vessels 
must have been < diminishipg, 9^(k thedegprteiGf dUU 
minution would have been^fouiuiy by bringin^.tiie 
images into contact, and agpin observii^ the aagieu 
If the angle were now 6(y, then ^ iralioiif the 
distances must have been as S^ to 60. 

l^^'dither the length of tlia ship, nor any part of 
it lying in a horiEontal dicection, or in a dirac^ 
tion ucliqed less than 90? to a horiaontal Unei 
should be chosen for the subtense of the angle, at 
the angle which it fonxia at the eye of tiie obser« 
ver may vary me|:^y from the turning of the shipi, 
while its digtaiK^ suffei^ no variation* The length 
of the masts, or any part of them, or of any verti- 
cal line in the vessel, ought always to be taken for 
this purpose. 
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CHAP. III. 

t • * 

Description of Luminous Image Telescopes for mea* 

suring Angles and Distances during Night 

■i ' ' ' 

In the fourth Chapter of Book I: we hare explain? 
ed< the theory and general construction of this inr 
strument. The application of the principle to a 
telescope for measuring distances* will form the 
subject of the present Chapter: 

We have .already seen, that the imi^s of. two 
luminous points formed in the focus t>f . an object 
glass, may be expanded into circular images of 
light till they tofucjb each, merely by pushing in 
the eye-piece of the telescope ; and we have der 
monstrated, that the angle, formed by the tine 
joining the centres of these images when in con- 

tact, varies as Tq- (See Plate III, Fig. 1.) that is, 

directly as the distance of the intersection of the 
cones of rays from the focus of the object glass, and 
inversely as the distance of the same point from 
the object glass itself. We have likewise seen, 
that the scale should commence at /, and stretch 
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towards the object glass, tiiat is, in bringing the 
luminous images into contact, the eye-piece should 
be pushed in, so that we may perceive the sec- 
tions of the cones of rays between the object glass 
and its principal focus, though the position of the 
scale upon the tube will in reality be without the 
focal point* The sections of the cones of light 
are, in g^oeral, better defined, when they are taken 
between the olyect glass aaid its princi^ focus ; 
but, in good telescopes, the difterence is not so 
great as to prevent the.sca)^ from being made on 
either, side, or on both sidM of the principal focus. 
Aided by these principles, the construction of 
the instrument becomes remarkably simple* Let 
^s suppose, tUat the foc«l lei^^ G/of the object 
glass is 24 inches, and that we haye (ietermined, 
by actual experiment,^ that, the circular images 
aiie in contact, w6en the angle subtended hy two 
huninous points is 4 minutes, and when 4^/ is 6. 
inches; then since ^G is, in this case,. 18 inches, 

and since the angle varies as ^^, we shall ob- 
tain, ^by simple; proportion, the angle subtended 
by th^ Ifimi^us points fg^r any o^her values ai ^/« 

• •• - 

. * This may be done by the method desdibed in the note at 
page M, MFidi tlus difference ofiiTy; that two luminous pcnnti 
must be used, instead of t)^ eKtreo^tieii P;, C of th^e object BC, 
?l^ILFig,«, " 

N 



184 t/UMlKOVf IMAGE TBLASCOfKS FOE BOOt lit. 



TbusIetf/beS, attdcooseqQentlyf G21. Then 



18 • 21-* • 1 ** T 



By making ^/ successively equal to 3, 6, 9, 1 2, 
15, 18, 21, we shall obtain the results in the fol- 
lowing Table. 



ValiiPS of (p/! 


Values of ^ Q. 


Calcnlated angles. 





24 


0° C 0" 


s 


21 


1 43 


6 


IS 


6 4 O 


9 


15 


7 12 


12 


12 


12 


15 


9 


20 t) 


1.6 


••e» • 


O 96 ' 


21 


a 


1 ^4 O 



By this meaiis, we obtain the value of each uaif 
of the scale^ so that we niay either divide the seaUi 
lato spaces proportional to the differences betweciii 
tii^ calculated angles, ; or^ what is perhaps mueb 
better, we may mal^e it a scale of eqaal parts, 
^d t^ke the angles ^m a sinall table calcdjtod 
on pnrposfe. The slip of brass on which the scale 
is engraven might be made to move in a groove, 
formed in one of the tubes of the telescope, in or- 
der that the index mafy always be set to zero, 
when the olject ijr seen distinctly through the te- 
lescope ; or^ what Is a more simple method, the 
9?ale may be engraven, on the tube itself, and the 
index may be set to the eepo of the scale at the 
instant of distinct vision^ by pulling out or push« 
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mg in the abject gUsB, whicii, * for this puipose; 
should be placed in a sh<>it moveable tube. Thia 
adjustment b(soonies absolutely necessary; when 
there U any aberration of focal length arising either 
frpm the proximity of the object, or from any other 
cause* (. 

It is obvious, from Fig. 1 . Plate III. that the mag- 
nitude of the scale depends both upon the diameter 
of the object glass, and also upon its focal length. 
When th^ diameter LL of the object glass is redu- 
ced to n, then the cones of rays LttiL, L;^L, are 
reduced ip Iml^ inU which intersect each other at 
♦', so that we ba«^o now the i^cfe^V' instead of /f, 
to measure the angle subt^ided by the luminous' 
points M, N. If tlie focal lengOi ^n of thi^ tele^ 
scope is increased to Gn*^ while LL remains the 
same^: the ooaes of rajs will nrossieach other at a 
point in liie axis between P and % hut less distant 
ffOiiti ^'Jthan ^nt % from n ; and hence we shall have 
a greyer portion of the aJiis for measuring the angle 
sid^lefided by the pointy The magnitude of the 
aeale oonsequently ' din^nisbes as t^e diameter of 
tjie object glass is increased, and increa^s wil^ 
tfaie focal length of the telescope. It will, therefore, - 
4^en4 upon tbe- angle LnL, formed by the et- 
teebie rays ^ t&e «one. ' 

Now let OL, Plate Vni. Fig. 9, be one half of 
thft object g\mai\ G/iOie axis of the tdeseop^ per- 
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pendicular to GrL ; and Gn the axis of the cone of 
rays by which the point n of the image is formed. 
It is manifest, that the rajGn, which proceeds from 
the object N/ will pass unrefracted through the 
centre G of the object glass ; and that the ray 6^ 
which proceeds from the middle point between M 
and N, will also pass unrefracted through the same 
centre G. Hence the angle nGf, which we shall: 
call »f is equal to half the angle subtended by the 
luminous points M, N at the ol)[ject glass G» and 
this angle is a constant quantity, whateverbe the 
diameter and focal length of the object glass. In 
the line nG^take ^y points n^n", and join tk'L, nl'lj, 
crossing the axis G/at ^ and f". Jqin qj&ip itL, 
cutting G/in>, &nd call the angle G.^I^, ox half' 
the angle of the cones, A, When Gn is the focal: 
length of the dbject glass, and GnL half the angle: 
of thecon^s^ the interior sides of each cone wilL 
cross the a^is at ^, where the images of M and N* 
will appear ib contact, and ^/ will be the lengtiii of. 
scale which we have for measuring twice the angles 
nG/. In like manner, when 6^', Gn'', are the. 
focal lengths pf the olq'ect glass, and Gn'li, 
Gn^L, iialf the angles of the tones* the interior 
raj^ of eadi cone will intersect .the axis at f', 9\* 
where the images of M and N will* appear to be' 
in contact, and (p'f^yfy will be the length of 
scale for ^i^^suring < the constant a|igle «^ Ncv^ 
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tUe angle Qiph^GnL^nGfzzA^+ttfBxid 6f isthe 
tangent of GLf, the complement of GfL. Hence 
GfssCotaog. A+m; and siiice 

G*=G/^--*^ we have 

G/— 4/=Cotang A+», and 

>/=G/— Cotang. A+I 
Irom which we may obtam, wfien A is known, a 
value of «, corresponding to any length of scale ^f; 
but it is preferable tb form the scale according to 
the method already explained^ after the value of 
any portion of it has b^en determined by actual ex*' 
periment. 

' Hitherto we have supposed, that the angle is 
measured by using the intersection of the cones 
of light between the object glass and its prin- 
cipal focus; but as these cones ^ also intersect 
each other beyond the focus ^ the scale may 
sometimes be accommodated to this method of ob- 
servation. In Plate VIII, Fig. 9, continue Ln 
till it me^ts the axis in <»; then in the triangle 
nGf the exterior angle n^/is equal tonGf+Gnp, 
or to A-l-«; and in the triangle np<> the exterior 
angle hnp, or 2 A, is equal to npf+n^pf, or to A-f • 
+n^f, that is,2A=A+«+»o^and wo/asgA— A 
«-^=5A— -«. Hence the angle n^/ is greater than 
the angle n^/, and consequently the scale for mea- 
suring the variation in the intersection of the cones 
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0f li^ht beyond the focus /, h greater than Ihe 
other scale; fbr 

Pf: ^/=Cotangfc A+d r Cot. A— h»* and 

/._.^/x Cotaiig. A-^ 
Cotang« A+a 

A telescope, in which the aperture of the ob- 
ject glass is 2*25 inches, and its focal length 
31 ^f affords a lei%th of scale equal to 8.39 inches^ 
to measure a certain angle ; while airother tele^ 
scope, in which the aperture of the object glass i$ 
1^23^ and its focal length 14.5, gives onlj a length 
of scale of 1 .83 inches to measure the same angle. 
In the first of thes6 instruments, one-tenth of an 
inch on the scale corresponds to about SO". 

From these remarks, it appears that the length 
of the scale depends up<m the an^Ie of the cones 
of rays ; and that the magnitude of the scale may 
be increased, either by diminishing the aperture 
of the object glass, or by increasing its focal length. 
As the angle of the cones is not affected by the 
eye-glass of the telescope, the scale will sufffer 
no change by any variation in the magnifying 
power of the instrument. This is an important 
advadti^e, as it enables us to accommodate the 
magnifying poWer to the distance and size 6f the 
luminous points^ and to the intensity of their light, 
without Squiring a new scale. 

When the luminous points are truly circular; 
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fheir image in the f<icus of the object^glas9 wUl 
also have the same form» and every sectian of 
the (Kinicdl frustum compreheiided between the 
o)^ect*glas8 and the inuige» will also be circular 
when it is perpendicular to the axis of the tela^ 
scope. TMs, however, is strictly true, only when 
^ tbe image is finnned ib the axis of the telescope ; 
for in all qthei- casesi When the image is formed 
towards n or m^ the axiid of the cone is not pep- 
pendicular to its base. But even in these cases, 
the deviation is too trifling to be noticed, as it 
does not affect the mensuratioEn of the ang^ siril^ 
tended by tbe c^itres of the images* 

If the luminous points are not circular, but have 
dny othet form, as N in Plate VIII. Fig. 10; then if 
LL is the object-glass, an image similar to N will 
be fbrmed at n. la this, case, tbe rays by which 
the image n is formed, have not a conical shape as 
before, but are refracted into a solid, bounded ob 
one side by a circle LL, and on the other by the 
irregular figure n. Every section of this solid, 
however, approaches to a. circular form, in pro- 
portion to its proximity to LL ; and as the image 
n is extremely small compared with LL, any sec^ 
tion of it ab will not deviate perceptibly from a 
circle. Hence we perceive the reason why the 
most irregular pieces of light, whether of an ob- 
long, a triangular, or a quadrilateral form> always 
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swell iiito circular imaged when viewed tbroagk 
telescopes in which the eye-^glass is moved from the 
place of distibct vision either towards or from the 
object-glass of the telescope. In the luminous image 
telescope, therefore, it is of the greatest conse* 
quence that the apertures be exactly circular; and 
when the form of the luminous points can be al« 
tered by the observer, they should likewise be 
made as round as possible. 

As the accuracy of observation must in a great 
^neasure depend on the distinctness of the lin^ 
by which the circular ima^s are bounded, it is 
of the utmost importance that an excellent achro^ 
matic object^'glass should be selected for the in* 
strument. The oligects beJng always luminous^ 
there is no occasion for much light, and a great 
magnifying power being equally unnecessary, the 
diameter of the object-glass may be mq^e much 
smaller than in common telescopes. ' By this means 
we, in a great measure, remove that indistinct- 
ness in the outline of the circular images, which 
arises either from spherical aberration, or from 
the uncorrected aberration of refrangibility. The 
diminution of the aperture too, as we have already 
seen, has the advantage of incrieasing the length 
of the scale. 

When the instrument is constructed according 
to these ptinciples, its application to the measurer 
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mi^tit of distances is precisely the same «» that of the 
mitrometrical telescope and the double image tele- 
scqpe; aild the Tables, which we hiave given in the, 
first Chapter of this Book, may be advantagepusly 
employed along with the luminous image tele- 
scope. 

The use of this instrument, howeref, is in some 
respects limited, from tibe necessity of having the 
angle always subtended by luminous pdints. But 
there are numerous cases, and these too, of great 
importance, where it maybe successfully employed. 
The distance of a vessel from the coast. Or the 
rate at which it approaches to or recedes from the 
shore, may frequently be determined by taking, the 
angle subtended by accidental or by fixed lights 
on the land. 

On the coast of Great Britain there are va- 
rious lighthouses, which have two lights placed 
at a considerable distance from each other. The 
principal of these are contained in the follow- 
ing Table, for which I am indebted to Robert 
Stevenson, Esq. civil engineer. In the first co- 
lumn are given the names and situation of the 
light houses; the second column contains their 
supposed distance, which is in generaPpretty cor- 
rect ; and the third the bearing of the one light 
with respect to the other. 
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KttM Md titMtioiii «r die tanSrf the Lightere&tively 

Light^bouses- Li^^ Wench other. 

PentUnd Skerries, Orkney, 60 feet N. W. & S. E. 

Tay Lights, Forfarshire^ J of a mile N. W. | N. 

Pern Isle«, NorthumberO ^^ ^^ j. j^ ^ ^^ ^ ^^ 

Tyne Lights, Northum-^ -i xi w 

, , , S- i of a mile N. W. 

berland, 3 

9fmu Lights, Yorkshire, I df a mile N. W. by W. | W. 

ttjAroi^h Lights, N^O ^ ^ ^^ ^^ ^ 

folk, 3 

Wiatcrtott Lights, NorO 
^ „ M of a mde W.S.W. | W. 

folk, ,...3 * 

LeostofT Lights, Suffolk, I mile S. f £. 

Orfordiies&Lights, Suffolk, f of a mile N. K by, EL 

South Foreland Liffhts,7 * , •, . ,,^ 
Kent '^ iofamile E. &W. 

Portland Li&:hts. Port-7 
landlsle, i'^^'^ ^.E.JK 

Lixard Lights, Cornwall, J of a mile W.N. W.. 

St Anne's Lights, Pem-> ^ _ „ 

■ , , • f 200 feet S.S.K 

brokeshire, 3 

Lake Lights, ChejJilre^ . I mile S. S. W. 

Bid.tonehillLighU,Che-Y ^.,^ g^ ^^ ^ 

shire, 3 * 

Dudgeon 



Newarp 
Nore 
Goodwin 
Owers 



Floating Lights, from 26 to 50 feet. 
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One of the great objects of these double lights^ 
ii to enable the mariner to distingutsfa them from 
others for which they might be mistaken ; an effect 
which is produced in some cases by rerolving and 
Gcdoured lights. We coneeivey however, that a more 
extensive system of double lights might be itn 
troduced with great advantage, and that dbese 
ndght be distinguished from one another by the 
d^erent ai^es whidb a. line joinii^ the liglitv 
forms with the hmizon. 

The principal object of the luminous image te- 
lescopei is to make surveys; or, in general, to mea- 
sure angles and distances Airing the night, when 
natural objects cannot be seen, either tl^^iigh a 
telescope, or with the naked eye. Fdt' this purr 
pose, tuti&cial lights^ or luminous poiiits must be^ 
used; and when the distances to be measured are 
short, these mJght be fixed iqion.a horizontal arm, 
sii|iported by a vertical pole ; but when the dis* 
tances are great, the artificial lights should be. 
pUted at the ^tremities of a diain, ^, 30, 40, or 
. SO feeffciong. The chain being carried by an as- 
sf»t!aat, and stretched in a direction perpendicular 
to a line joining its centre and the eye of the ob<^ 
server, the telescope h directed to the luminous 
points, which, by the method already describee!^ 
ar^ expanded into circular images, till they come 
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into contact. The angle which these points sub- 
tend at the 9bseiTei^s eye being thus- ascertained^ 
their distance may be immediately determined by 
means of the Tables in Chapter I. 
' For .military purposes, this method of measu^ 
ring distances during night, may frequently be 
of the greatest advantage. If the lights are muf«* 
fled up on the side next the enemy, the whole 
operatioiis might be performed with the most 
profound secrecy, and the survey of a piece of 
ground might be made with a degree of delibera- 
tion which could not be exercised during the day« 
time, when the engineer is within reach of the 
enemy's guns. The luminous image telescope re- 
quires mp stand like the micrometrical telescope, 
as. the circular images will remain in contact du* 
ring any agitation of the instrument; and in using 
it, the observer is not troubled with double images, 
or. with, double adjustments, as in the. divided ob- 
ject<«glass micrometer. This . instrument, possesses 
also another advantage, as it cai) measutie the 
apgle subtended by two luminous points, even when . 
these points are too distant to be comprehended 
in the field of the telescope. In the micrometri- 
cal telescope, the two points must always be seen 
in the field of view ; hut it is sufi^cient in the pre- 
sent instrument, that the observer: perceives the 
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contact of the circular images, without seeing 
their centres. *" 

When artificial lights are used» it b obviously 
in our power #to diminish the aberration of re- 
frangihiltty, and tiius to render the outline of the 
circular ipnages more perfect, by emidoyiog homo-, 
geneous lights, such as red or orange lights, in which: 
there are few or none of the most refrangible rays. 

This instrument might also be employed to 
measure £he relative distances of any object pho-^ 
tometrically, and when there is only one.lumi-' 
nous point* When light is projected from anf 
luminous body, its intensity varies in the iui- 
verse ratio of the square of the distance. By ob«> 
serving, therefore, the distance of the index from 
the principal focus, when the circular image is 
expanded to such a degree that it ceases to be** 
come visible, it is easy to calculate the degree of 
attenuation which the light has experienced. 
The same observation being made ^t a different 
distance from the luminous object, we obtain the 
ratio of the squares of the distances, and conse* 
quently the^ ratio of the distances themselves,. 
This will be better understood when we have de- 
scribed the photometer in a subsequent part of 
the work^ 

In looking at the circular images formed by 
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Hbe OKpansion of huumous points^ a variety of 
icurious optical phenomena arise from caning and 
siiuttfiig the eje^ and fitHn hoMihg it in different 
positions. The ekplmiation of theae^lacts, kowerer. 
Will be more properiy introduced Nrheii aire come 
to describe the constmctifm of a generri Photo* 
pieiur. 
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CHAP. IV. 

i}escriptkm of Instruments for measuring Inacces- 
sible Distances at one StaRon. 

Ths 'initnimeiits descrybed in ihe freci^Smg 

<fliBpieff8» Hwi mdfiied all the tr^nometriooi ki- 

slridBentt with which we are acqoaiiited» aie 

cafnMB of meayuriiig inaccesnlde distances, oalj 

from «lnerratieiis taken at the extvemities of 

a nal: base, or of a base wfaidi is iftohided in 

the kistrumeat ltse)f. The ImposiibilifT', which 

sometimes exists, of finding ground sufflcientty 

level ibr the mensiiration of a straight lhie;an4 the 

troidi>Ie and difteuHy which attend the 0i)erat]on 

even when the ground is favoiirabfeV Teiider it 

extremely desirable to have some instnisieiit bjr 

which inaccessible distances can be di^termined 

from a single station. The method of measuring 

distaaees, by obsenring the variaiion in ih^ focal 

length of a telescope, is fptally inadequate for this 

purpose; and even if it were not affected with 

errors which do not admit of correction, it could 
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be applied only to distances that are extremely 
small. 

The principle upon which one of the follow^ 
ing instruments is constructed has been long un- 
derstood, but, so far as I know, its application to 
the measurement of aisles and distances has never 
yet been attempted. If two circles AB, CD, 
of different radii, Plate IX. Fig. 1 . are fixe4 
upon an axis £Q passing through their centres, 
and if these circles are made to roll upon a 
mioth surface, they will describe arches of .% 
great circle whose centre is. at the point O, fotiiied 
lyjr the intersection of the lines AC, BD, wfabh. 
join the extremities of any two parallel diame^^ 
ters of theae circles. If one of the circlesi^CD is 
ahifked into the position cd, the circumftrenoes. 
of AB and CD will describe portions of a larger; 
circle, as the interseciion^of the lines Ac, Bc{ will 
take place at a point considerably beyond O. 

In order to find an esqpression for the radius of 
the circles described by this instrument, draw Cn 
parallel toEF> then since the triangles AnC, CFO* 
are similar, we have 
C0:CF3=AC:An, and 
AO : AE=: AC : An, from WlHoh we obtain 

CO= 5^21^, and '' 

An 

An * 

3 
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% 

Heaee it appears^ that Ube madras of curvature 
varieis diiiectlj as the distance between the cirt 
Gumferences of the drdes, aad inversely as the 
difference of their radii. 

Let us now suppose that the circles A^B, CD^ 
instead of being placed upon an axis EQ, are 
fixed upon the tube of a telescope, and that the 
axis of the teleseope coincides with the line join- 
ing die centres of the circles. If an instnimenl; 
<bus c(mstnicted, is made to roll upon a snuiotii 
surface, its axis will uniformly point to the centre 
of the circles described by AB, CD, and if the 
radius AO is accurately determined, the spaee 
described by any point in the circumference of 
AB will be a measure of the angular motion of the 
axis of the telescc^. In order to measiure with 
accuracy the space described by any point in the 
cireum^erence c^ AB, t^e instrument is fitted up 
as represented in Plate IX. F%. % where AB 
id one of the roUing circles fitted'upon one extre- 
mity of the teleseope, and E the eye-glass. A level 
L is fixed upon the arm LV, which moves round 
£ as a centre, \sf means of the endless screw SS 
woiking in the teeth of a wheel attached to the 
arm LV. The vernier V is placed at the other 
extremity of the moveable arm, and subdivides^ 
into 10 parts, each of the divisions on the graduated 
circumference AB, so that the tbousandlh purt pf 



oC bi oiiAer to tiqributt the ittelJ^ 
iftrtrume^t wkai thiui cMetmcted, lot im- wiV^^se 
that the axis of the telesc#^ ia^ sattrk^ hf the 
exireuMf of a sharps steri piH«l> pr^ei^ting fr^nn 
the ckteutnfun&m to tiie ctelap0 •f thi fteM of ¥ Wg 
and ttettC the itiatmmmnt ia pbieeld iiy^ » aoKiotb 
and* tet«l; sQcBsMe, upoi^ wfabeh it mt roH wi^h^ttit 
aivF dMK* liBt ARCI>» Flalte IX. F^. a, be :tb9 
teleicope; thus fitted; ii|^ ; aM havii^ tha iii#^ oi 
the v^arnfer p<M0ti|ig to the 9»q oC therctfcidar 
seaie, dhreet ittt Af o^jeetMNi, and adi^st H to 
smzh a pMitftm hy tito haad^ thai the fteel poipt 
exaetif a)ve?9 iliiy (raiai«eiM» part H of tha ob^ 
jMt wbna the axia of th0 lefei isf faoneoiital. RoH 
tdia instnanent aicmg the plime auifiicet tm tibe 
steel poiiU coMM httfr eOiaeUlettGe with aay othec 
fjVDii^kefit pafft M isi the ofeo/ect;r Tb# i^rtyu- 
Mient wiil luSm 1^ ift the posi^foi!^ «6ci& and 
A d will be the aheh trhkh it has d^scribeiU The 
ntHnber of rev«d«ti<ltid perfoniidd hj the ciecte 
AB are eadljr' camited; and if thp letel is not 
horisKmtal when the Meal poinfe eoiniridaa with M, 
^ ifistruimnt must haircf deicidbed part of aao^ 
the? revoltttioti* In cftd^ touted this portim^ tuni 
the sK!rew 3S tiUt the ietel io^ftcaies a hariaQntal 
pdsi«iett> and the index. oflheTemief wiH then point 
mt m the seale the hmfdiedtfis' c^ thfwandthp 



of a feV0l»fi0B hf iviiicli tike «piiw A»a ^xxieed^ fA4 

meter ^ AB )>^g loiowii^ iiiid tiie fudSut.A^ 
the gpace An; w9l be ^tetenntMd^ imd conseqtieQt* 
ly the angle «t O, w the m^ sufa^lmdei by the 
points MN at the c^ntw of theaxc^ Acii T^e 
scale upon AB might easily he divided into mi- 
nutesy a whole revolution representing a certain 
number of degrees, bo that the mgle at O could 
be read oif with the utmost liadlity. By soeans 
of this instalment, therefore^ we aare enabled to 
measmi^ the ^Bgle subtended by any dl^ctot 41 a 
point b^sre the ptece of the observer. 

Let the ^eadoatted roffing ^irde AB be tow 
semoved to CD« the direct end of the feleseopei 
as is repveMnted in Plate IX F%w 4, WhU^ the 
other <iide €P ti^es the plaee of AB. If 
the telestope> when thiia iditei^ is directed 
to the ofeg^ev M'N' at befare» mid is made ta 
roll upon ft platte sutfiiee» the wdi A'a\ which 
It desca^bes^ while the Meel point movei^ from 
a state of coincidence with M' to a state of co-' 
incidence with N', wSl obviously be measured 
in the wb^ which has already been explained; 
but the angle to which it corresponds will now 
be the angle formed at O'; a point as far behind the 
observer^ as the pmnt a was forinef ly &e/br^ him. 
We have therefore the angle subtended by the ob- 
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ject M'N' at the points^ 0,0'^ and also the interme- 
diate distance OO^^Q'R, R being the radius of 
the arch A a or A V; consequently the distances 
PO, PF, and PO' are Ipiown. Calling the angle 
M'ON'= w, the angle M'0'N'= n, and R the radius 
of the arch Aa or AV, we shall obtain 

PO=z — ^ 

_^ 2R« , _ 

PF= — + R 

gRffl 

If the shifting of the rolling circles from the one 
extremity of the telescope to the other should be 
regarded as a source either of error or inconve- 
nience, the second observation might be taken by 
another instrument, in which the largest rolling 
• circle AB ia fixed upon the object end of the te- 
lescope, the radius of the instrument being either 
the same as that of the former, or different from 
it. If the radius of the first telescope is different 
from that of the second, we may call it R', an(| 
then we shall obtain 



pQ^jxR+K' 



m— 9t 



pp_nxH + R.'+i^ 



«— n 
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In an instrument of this kind which I have con* 
ttructed, the diameter of the largest roller is 

82*57 
SO.OO 



of an inch» the diameter of the smallest rol- 



ler ^q]qq , the difference of their radii -55 qo' *^^ 

' 7S7.50 

the distance between the rollers ~3o"oo' ^^ ^^^ 

ditts is therefore 44 feet 9//?$ inches^ and the 

length of the base OO' 89 feet 6| inches. In se- 

< 

vei^al experiments which I made with this instru«K 
ment, the rolling circles described their respecr 
tive arches without the smallest slide, 8nd> the 
successH^e measurements of these arches differed 
from each other hy quantities too minute to be 
noticed^ 

The principle upon which this instrument is^^ 
constructed, may be applied in another form, 
where the roUiug of the telescope is rendered un-* 
neeessary: Thus, in Plate IX. Fig. 5, let AB; 
CD be two equal and concentric arches, firmly 
bound together, and divided into degrees and mi- 
'mites, and let the telescope EF, carrying a vernier 
scale at both its extremiei^ £ and F^ be so placed 
between AB and CD, that by means of a screw 
its axis may be brought into a state of coincidence 
with any radial line in the: arches. This coinci** 
dence will obviously be Indicated by the two ver- 
niers pointing out thii same degree and BouMte 
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upon eneli Btdk. Ib sbteBstirii^^, tfaercifiMPe^ with 
tkisinstrume&t, the angle MON, Piste IX* Fig. 
d^ fram the centre O of the two arckes, adjiirt 
the two verniers to the zero of each arch, and 
then move the whole insBtrament tOi the sted 
point projecting from the diaphragm ot the te- 
lescope exactfy covers the point M of 'the object •^ 
The instrument being now kept steacKlf te thk 
position, remove ilie telescope towttrd» the other 
extreiliities of the two arches, till the st^el pokirr 
eoineides wkh the other pmnt N df^ife object at 
the same time that the two vemiers mark the 
same degree tmd minute, in each seaii : The de* 
gree and fis^mite now indicate by the ^enkm 
will be the angle required. In order to measura 
the angle subtended at a point behind the observer^ 
we have only to invert the insirftment^ by pkusing 
the arch AB nearest theobject^ qnd also to invert 
the tel&scope^ st that the vemier at L, the object 
eiid of the tabe, majr be placed upoxt the otter 
anih AB* 

^fhe saoie principle is CKpable ef another applet 
eatlon» whieb is not without some peculiar advon*^ 
tdges. /Two telescopes tnay be alisolntdj fixed 
at Im invariable distance, and their axes may be 
chaiiged 1^ means of two micrometers, in suck m 
manner 'that the k^rsection$ of the axes majr 
tidce j^lice either at a pokit befos? or bdiind 



tile plMfr ^the^4MBf!tPet^ Ifth^ ttf6s dTfhe &mA 
fde^i^eft A, fiy PiMe IX. iHg. ff. lie ki Hie 41- 
Re€J0ft €My> HOV «k«y win dhrkusly iiit«raeot 
'iiith ^Mr lit a pcfint & %^!kkxA tbe (dMset^er, aiid 
^ radlti0 BCV, afs well m «be afigle ACTB', wHl 
%e lilehiiined by the niieroitieter* UHk^ axes ^of 
#t@ 4tffe9e<^>e6 aw nMr tt0V^ by moMis of iCbe 
skieitoiiieter sci«w, into tbe <lireGtioni AO/ BO, 
^^ey mrtH new iaiersect elteh ofbier «^t a poifrt O 
faefolfe the ebservery and 4he radius AO, t0g^tber 
wif^ flie a^^e MfB, wHI be<letemiii6d as bcfei^ 
by meaiifr df the nilcroinMer. 

The ^principle of afl thefse iastruments «iay be 
a^ypKed, in.difiei^eiit forms, to a variety of ti$efal 
puq^mes; bat there is one application of it in 
^fticiilar, wbich promises to be of some prad^cal 
im|>orbi»ce. If the two telesoiqies are fixed at an 
tBYaiiable angle, so that their axes always point 
to the same part of an ol^ect, they wiH obviously 
form a portable base, and will thus enable us to 
set off a distance without the aid of any other in- 
strument, and under circumstances, when a base 
could not be measured by a chain or by glass rods. 
The instrument will give the distance through 
the air, unaffected with the superficial inequalities 
of the ground, and in a line parallel to the hori- 
zon ; and whatever alterations it may undergo by 
a change of temperature, a correction founded on 
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exitoriilieiit can bd easilj sj^fdied. It is cbvious 
that any^rror in the obseiratiofi will produce aveiy 
coRflidel*able en*or in the base, and that the latter 
enor will be to the former, as radius is to the sine 
of half the angle formed by the telescopes. The 
error of observation, however, must always be 
very small when the telescopes are good, and can- 
not be supposed to exceed the hundredth of an 
inch) when the point to wUch the axes of the te- 
lescopes converge is not very remote^ At all 
events^ we have it in our power to diminish,- as 
much as we please, the error which affects the 
base, by. increasing the distance between the tele- 
scopes, and by enlarging their magnifying power* 
If the length of the base is about 1000 feet, the 
distance between the telescopes about three or 
four feet, and their magnifying power about 100> 
weconceiVfB that the error in the base would scarce-^ 
ly amount to a single inch^ 



i» 
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CHAP. Y. 

Description of an Optical Instrument far measwing 
inaccessible Distances at one Station. " 

In the preceding Chapter, we had occasion to al« 
hide to a metl^d of estimating distances, from the 
variation in the, focal length.of a telescope. When 
a telescope is directed to an object very remote, 
such as one of the heavenly bodies, the image of 
such an object will be formed in the principal fo- 
cus of the object glass. If this object is supposed 
to approach gradually to the telescope, i%s image 
will be formed at a greater distance from the ob- 
ject glass thou its principal focus, and every^ varia- 
tion in the distance of the object will be accompa- 
nied with a corresponding variation in the distaa^se 
of the image. The ratio of these variations being 
known from the principles of optics, the distance 
of the object may be easily determined by the dis^ 
tance of its image from the principal focus of the. 
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object glass. If D be the distance of the object from 
the telescope, and F the principal focal length of 

the object glass^ the aberration or increase ef focal 

F* 
length will be p_-^ > Let F be equal to 24 inches, 

and let D be successively 100, 500^ 1000, 2000, 
SOOO, 4000 feet, &c. we MmKI obtain the following 
ralues oi the aberration of focal length : 

Oiftanceofi^eobjept yariatum of focal leagth 

iiiVdct. kilMheaaBd^edttuilB. 

100 5.878 

SOO - . . - - tASI 

lOaO * - - *i - 0.578 

• JBOOO « - - - - 0.089 

.4000 - w * • - O.I44 

8000 * . - - - oxni 
160D0 - . ^ * - aoflb 

Fi^ow Aese results, it appears that, dt the sfaeft 
distance t»f 100 and 500 feet, liie variatloh of focal 
teagth is ^efficiently rapid, and might be coasider- 
M as a rough mea&rore of these distances ; but 
w%en the distances increasej Hbt Taitations are so 
extrbmely small, that we hatve only ti variation of 
^Iq of ^n ineh, as a iscale for measurhig every din- 
tanee between 4000 and 8000 feet: Hence we 
Aay fairly cottdnde, that the variation of fbcal 
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irngtHk eaft only he tmptdyed «d «n(HMiie cKsttoee^ 

But wiUioiit iHmsftd^rtiig the extr^ffie mkiMe^ 
fiess ^ the scale; tbis meiked of i^ensuiiBg ^staii«' 
ced is Uable to ff^eet tilieerti^Bty» from veriatioefs 
of temperature, and from changes in the state ^f 
the observer's eye. The effects of these v^riatioM 
might indeed be remov^ hj mmg a ^Avtoble 
scale, and ai^usti&g the zero to the principal fiscal 
point of the teleseope at the tifne of ^observation ; 
«s determined by directing it to a very t^tf^leob* 
Ject: Bat this method of correction woidd rend^ 
too complicated, an instrument which derives from 
simplicity of construction any merit that it may 
possess* 

The magnitude of the scale can be increased 
to any extent^ by keeping the object-glass and 

« 

«ye-g1ass at an invariable distance, and producing^ 
the adjustment to distinct vision, by the motion 
of a second o^ect-^giass of considerable fbcaf length; 
or the same thing might be effected In the Grego^ 

*For the purpose fXtrmmii^g «&ik\ ^tafioes, the f^berrs- 
lioii of fooal lanf^h Blight be «B^oj4dmthgi^at advantage. A 
f mall telescope^ fitted up with a tube abput double the focal 
length of "^e object glass^ would measure, with great accuracy, 

w 

Ae ^Hmensienfi of buading$, t^ie bpeaddi of ri^ers^/aiid ddi4Sr 
f hort distances, which k i» ofiea both interestinf and useftd to 
determine^ 
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rian reflecting telescope, by keeping the two 
mirrors at a constant distance, and producing dis* 
tinct vision by the moti<in of the eye-'piecey^as in 
the reflecting micrometer, described in Book I. 
Chap. IL In the micrometrical tdlescope, too, a 
similar enlargement of the scale may be obtained, 
if we procure distinct vision by a motion of the 
tube which contains the moveable object-glass. 
The eyepiece will of course move aloi^ with it^ 
but the aberration of focal length will be consi- 
derably expanded* In all these contrivances, how- 
ever, and indeed in every contrivance which can 
|be devised for this purpose, the imperfections of the 
instrument are magnified along with the scale, so 
that no advantage whatever can be derived from 
its enlargement. If there is any uncertainty respect-' 
ing the focal point within the space of the bun*- 
dredth of an inch in the scale of the first object«-glass» 
and if this scale is magnified 100 times by any op- 
tical contrivance,, the uncertainty must now be 
extended over a whole inch, and consequently the 
instrument must in reality be deteriorated by 
every attempt to increase the scale« 

Knowing this to be the case, both from theory 
and experiment, we were not a little surprised at 
seeing the proposal made by the late Mr Patrick 
Wilson, formerly professor of astronomy at Glas- 
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gow, of determining tbe different distances of 9 
star, by the variations in the focal length of a 
long telescope,* We have no opportunity of 
knowing what particular method was employed 
by Mr Wilson, for magnifying the aberrations of 
focal length, but it is highly probable that they 
were similar to those which we have already 
mentioned; or, at all events, they must have 
been so contrived, that the focal point of one ob- 
ject-glass was made the racUant point to another. 
Whatever the contrivance was, we have no hesita- 
tion in saying that it was quite useless; and if a 
telescope could be constructed of the same length 
as the diameter of the earth's annual orbit, we 
conceive it quite demonstrable, that the variations 
of itsfocal length, however magnified, could never 
be of any service in ascertaining the different 
distances of a fixed star. 

This ptoperty of measuring distances is by no 

» 

means peculiar to the telescope, as has been com- 
monly imagined. Considering the principle ge- 

* This proposal was recorded in the Transactions of the Boya! 
Society of Edinburgh, Vol. i. Hist p. 30, by the learned Professor 
Robison. '^ If a long achromatic telescope be directed to a fixed 
star, towards which the earth is moving, the focal distance of the 
telescope will be lengthened. The augmentation will indeed be 
very small; but Mr Wilson has Men upon' very ingenious 
TPethods of increasing it^ so as to make it become sensible." 
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- nerallyy it m motfaing^ more than to metf^tke . miy 
variation in the tangent of the angle of ineideiiee» 
from the corresponding variationB in the tangent 
of the angle of refraction, or of the tagle of re* 
flection, if a reflecting telescope iaemployed. Wheoi 
this principle is embo^Bed hi the telescope^ it is 
by no means applied in its best fcnnn^ The Uoftit 
which is necessarily put to the (fiameterof the ob* 
jeet glas»» ^nd all the unperfeetions of the instu-' 
ment, whether they arise from the nature of ^ 
glass, or from the defects ai its figure» co^K^ur iff 
affecting the measure of every chaise in the tduoh 
gent of the angle <tf refraction. We propose^ 
therefore, to extend the application <^ the princi* 
pie, by employing two plane mirrorSji placed at a 
considerable distance^ and converging to a point 
behind the observer. The variati^ms in the tan* 
gent of the angle of reflection may then be ac* 
curately determined, by means ^ a smaU tele* 
litcope moveable round a centre^'and capable of be^ 
ing carried along the axis of the instrument, or the 
line which is equidistant from the two mirrors. 
The same effect will be obtained, by employing 
twb prisms, placed at a distance from each other, 
in such a manner, that the refracted rays, proce^ 
ing from a remote ol^ect, may meet in the Une 
which is equidistant from the two prisms. 
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As instruments of this kind can never be very 
portable, and are therefore not likely to be con- 
structed for general use, we have thought it siif^ 
ficient merely to notice the principle of their con- 
struction. 
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CHAP. I, 



Description of Instruments for viewing Objects un- 
der Water. . 
-'".'• ' ■ •. - • ■ ' * ■ ' ^ 

•T H£i' subject of this Chapter was suggested to me 

some time ago, by a notice in one of the Philoso* 
phical Journals, that the Academy of Sdences at 
Ciopenhagen had offered the mathematical prize 
to the inventor of a hydraulic tube, by means of 

:^^hich objects might be distinctly seen at the.bot- 

• 

itodi of the- sea» The great practical utility of ap 
instirument^ofthis kind, and the' advantages which 
may arise from applying the principle upon ,wbic|i 
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it is constructed to other optical instruments, in- 
duced me to give it a degree of attention to which 
it might not otherwise have been entitled. 

If the surface of the sea is ruf&ed, or in a state 
of agitation, it i^ obviously impossible to see the 
objects below by any instrument which is not im- 
mersed in the water. Even when tlie surface is 
perfectly smooth, and the objects below sufficiently 
illuminated, they can be perceived distinctly, only 
when the visual line tbrms a very considerable angle 
with, the surface. It ia^ posdUb^e, indeed* to liave 
a contrivance which will counteract the oblique 
position of the surface with regard to the axis of 
vision; but as the correption must always vary 
with the angle of obUquity, and must be adapted 
tp that angle, it cannot be applied in practice till 
the inclination of the visual line to the surface of 

* 

the water has been previously ascertained by a 
geometrical op^atic»i. No instrument, tiiere* 
fbre, for seeing objects under water, can be of any 

« 

service, in whic|i the rays proceeding from the ob* 
jects below must be transmitted through the sur- 
4kce of the fluid. Hence it becomes a necessary 
-part of the construeti^Mi, thattbe instrunient akM 
%e partly immersed in the water, and that It shaH 
either floafe by itself, or be attached to some float- 
ing body. • . . / 



Admitting this, therefore^ as a pi^hidple indis- 
pensibly requisite in aii insltniment of general ap-^ 
plication, we shall proceed. to dei^ribe tlie differ^* 
ent contrivances whicb^seem to fUMl the condi- 
tions of the probl^n. ^ 

Let SS, Plate X. Fig. 1. be the surface of the 

sea, ruffled by a breeze,, m iu iltlch a state of agi- . 

tatipn as to prerent the^ objecsts ;below from being 

seen Hy an eye out of the water*^ iMo^ the paraUt 

lebpiped MN, made of wood or hollow copp^r^^ 

let the tube ABCD be hiserted in such «i maiiiler ' 

that it has a motion round the pivot P^iti a vel^ti- 

cal plane, and that one half of H is plunged iftte*^ 

the water. Near^the lower extremity CD of 

the tube, fix a piece of thin and welUpolished' 

plate*glass ^/, at right aii^te to the axis of the' 

tube, and cemented to it, so as MkO resist (lie ad-^' 

niission of the water^ When this appariatiis is> 

plunged into the sea, the floating parstHelopipeif 

MN will keep the tube ABCD in a veriieal'pltoe,' 

und by moving it round the pivol P, it lAAyhe 

directed to* any object at the bottom. The wa^' 

ter eonti^ous to ef being pressed close to the 

plate of glass, by the wdght of the snp^Hncum-- 

bent column, the rays from the ol^ct will pi^o-^ 

ceed, almost without suffeliiig any change, to the 

obserrer at *0> and will give as^ distinct a view oif 

1 
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it.as: if. the (smrf^ce of the water were ;perfe6^ 
smppthy; and the ^ye, placed directly alioTe! the ob< 
ject. $y this meaiis».tbe irre^Iarities arfeing 
from, a bi^ken ojctagitaited surface^ or front; the 
oblique position of the surface whea it is pierfectif 
smooth, are cositpletely removed* 
. If the depth is so great»,or the objects soismall^ 
that th9 a^piitance of the tjslescope is necessary to 
pereaive them.di9tiiict)]r» an^inatrument of tlus Isuui 
may be.placed t&:thei. tyhe ABCD,^ and used inltie 
commou way^ . M this fof m, howerer; might rather, 
be awkward aqd iiicoiivenient»* it would be advaci* 
tageous to apply the telescope in thewayi^resent-^ 
ed in Fig. 3, where MN is the.floating pandlelo- 
piped, and AB. the Xeh^oope^ moving round the 
pivpt^P, aad having its tubes nearly twice as long^ 
as the focal I^tigth of ;the olject-glass. The : ob^ 
ject-glass AD being fixed in such a manner as to 
prevent any water from insii^uating itself into the 
tube, and beipg sunk below the surface of the sea, 
will be in the same state $s the plate of ^lass^ ifi 
the preceding iiistrumeiitj and will transmit a per-' 
' feet image of the^obji^cts below to the eye. a* B. 
As the rays proceeding from the object'pass from 
water to /glass, they will obviously suffer less re- 
fraction at the confines of the glass and water^ 
than if air had bee^ t}ie medkun adjacent to the 



object-glass. Hence the focal length of the tele- 
scope will be considerably increascfd, and its achro- 
•Aattsift in some degree impaired. The effect 
which this will produce upon the gbodness of the 
telescope, however, is too trifling to be noticed, 
when w;e comider the coarse purposes to which it 
13 applied. But if it is tliought of sufficient im- 
portance, it is easy to adapt the curvature of the 
lenses to this particular case of refraction, and to 
acco^niodate it to the formulae of D'Alieihbert 
and Boscovich. This may be done very easily, 
by dividing the nidius of curvature a^X}{ the outer 
surface of the object-glass by 2.65,' so that the 
rays in passing frogi water into the surface, whose 

a 

l^diua i»2^* ^^^^ suffer the same changes by re- 

• v. 

fraction, as if they had been transmitted from air 

« * 

into a surface whose radius was a. 

Thus in Plate X. Fig. S. let BAD be a convex 
surface of crown-glass, whose centre is C, and let 
parallel rays of Ji^t incident at B be refracted 
to F ; then, by the principles of Optics, 

AF : FC = wi : 71, and 

AC : AF 5= m — n : m 
m representing the sine of the angle of incidence^ 
and nrthe siiie of the angle of refraction. When 
the refraction is made from air to glass, we have 



AF 2 FC ff: 1^3 : 1, itad . > 

AG ; AF :p 0.^8 : 1.68. 
. But when the refrfiction i^ made from witter i«r 
glass^ we have 

A'F : FC =;: l.W : 1,* 
A'C': A'F =0.1^: 1.15. 
Hence, when the radius of curvature AC, or a ss 1^ 
we obtain 

1 AF at 1 ; 3^887 from air to gla^, ^ 
a' ; A'F zz 1 : 7.667 from water to gptess* 
When AF s= AT', we have 

tf : O' s 7.667 : 8.887, 
^^A ^' •X 2.887 a 

and a - ^^g^ = j^. 

That is, in order that a ray of light incident up- 
01^ a $pherieal surface at B may be refracted to 
the same point F, when the refraction is made 
from air to glass, and from water to glass, the ra- 
dius of curvature BC must in the one case be o^ 

and in the other j^, 

. It is obvious, that the increase in the focd 



* If we suppose the index of refraction from air to crown-glass 
to be 1.53, and that from air to water to be 1.336, then the in« 
dex of refraction from water to crown-glass will be 1.15, or ths 
mnes of the aisles (tf incidence and refraction will be aa IJkQ 
to 1, 



length of the oi^ecf'glasfi^ of the telescope, will 
depelid iqxm the ctffisatui'e of that surface of the 
torapOund^ulena miiieh is in eontdct with the wa^* 
ier. If itis nidins of curvature were iiifinite^ that 
isi if the stiiYaoe Were plane, the incident rays 
Would duffer no refraction, whether they were 
tnumnitted tltt*ou^h air or water, and ccmsC'^ 
quently the focal length of the compound lena 
ifrould mffek' nd diange by immersion in watei^, as 
the refraction at all the other surfaces by which, 
the rays are converged to the focus, is the same, 
as when the instrument is used in the open air. 

Now, if F is the focal length of the compound' 
object-glass, and a, b the radii of the two surfaces 
of a convex lens of crown-glass, whose index of 
refraction is 1.53, we have, by the principles of 
Optics, 

F = - — ^~» ^^^ consequently, 

*"■ 1.887 «-—F* 

But in every compound object-glass, whether 
double or triple, Uie focal length F is known, and 
the radius a of the surface next the object may be 
easily fouttdr Hence we may determine the ra- , 
4jnia h of fm equivalent surface, which will pro^ 
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dttce the saAie ultinmte refractftm of the rafs^ 
that is jH^oduced bj all the other surfaces >of the 
eompouhd lens. Thus, if F =; 12^ and' d a 8, and 
consequently h =z 24, then a convex lens, the radii 
of whose surfaces are 8 and 24, will have rideirljr. 
the same focal length with any compound object- 
glass having its focal length 12, and the radius 
of its oul^r surface 8. . : ^ -....; 

V We have already seen that the focal length of 
a convex surface of crowii-glass when immersed in 

water, and when its jradius is ^r-^r, wfll be the same 

2.05 

as when its radius is a, and when the refraction is 
made from air into crQwn-gl^ss ; and, consequent- 
ly, the focal length of any convex lens, or com- 
pound object-glass, when the surface a is immer- 
sed in water, will be 

* "" ' 2.65 fl+6 — 2.65a+6* 

h representing the radius of the other surface, or 
of a surface equivalent to all the remaining sur- 
faces of the compound object-glass. When the 
lens is equally convex, we shall have 

F=l.37x«. 
We are therefore enabled, by the precedin|f for- 
mula, to find the length of the tube necessary for 
any object-glass when a and F are known, upon 
the supposition that the object is ininitely distant*- 






eBAP; r* d»^ecti$ VKf»«ia water. ^SS 

As the distance of the object, however, miist ne- 

'cessarily be very small, th^ tetigth of tube' L 

•^Mhich the . obfect«glass will,- on this accotmtj re«- 

^iiire, may be found frdm the foUowtng<ft)rnidla: 

- FD 
^ D_F' 

t — 

;where D is the sdiortest dbtance, or depth of .w^ 
ter in which' the instrument is to be used, and 
F the focal length of the object-glass, when im- 
mersed in the fluid. 

* Since it is of great consequence to have the tube 
as short as possible, the radius of curvature of the 
outer surface a, should be made as great as is con- 
sistent with the achromatism of the compound 
lens ; for the increase in the focal length of the 
object-glass, when immersed in water, varies ai^ 
the curvature of that surface. 

When the objects at the bottom are suflSciently 
illuminated by the light of the sky transnUtted 
through the water, the instruments now descri- 
bed will enable us to perceive them with almost 
the same distinctness, as if they had been situated 
at an equal distance from the observer in the open 
air. But if the inequalities of the surface should 
obstruct the transmission of the incid^iiit rays, or 
if they should be in a great n^asure absorbed in 
the mass of water through Which they must tra- 
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▼eUifrwiUbe Becfesway to rettder the subjttceM 
objects ^ible by MtificSal illmniaation* * For 
this purpose, a tube GHEF, Fig. 4, muit be Ht^ 
tacbed to the tube ABCD, Fig- 1, ot to the tcfei^ 

* When the sky is clear, and the surface of the water unruf- 
fled, objects may in general be seen distinctly at the depth of 
•50 or 60 feet, and sometimes at a much greater defytb^ 
without the aid of artificial illumination, « By the '^M 
window," says Dr Halley, « so much light was transmitted, 
that> when the sea was clear, and especially when the sun shone, 
I could see perfectly well to write or read, mudi more to fasten 
IMT lay hold of any thing under u» to be taken. Andby there- 
turn of the air-barrels, I often sent up orders, written with an 
iron pen on small plates of lead, directing how to move us froni 
place to place, as occasion required. At other times, when th* 
Water was troubled and thick, it would be dark aa night beloWi 
but in such case, I have been able to keep a candle burning in 
the bell as long as I pleased, notwithstanding the great ex- 
pence of air requisite to maintain flame.** PhiL Trims. 171ft 
vol xxix. p. 498. In another place, the same ingenious authoi^ 
observes : /' As to seeing under water, as long as the water is 
not tuibid, things are seen sufficiently distinct ; but a small de- 
gree of thickness makes perfect night at no great depth <rf w»* 
ter." PAt^ Trans. 1721, vol. xaati. p. 179- In some of th© 
lakes of North America, the transparency of the water is so great, 
that objects can be perceived at a very unusual depth. " Thd 
waters of Lsike Superior^" says Mr H6riot, " are more pure an* 
pdludd tba^ those of any other lake upon this gjobe, and the fish^ 

as well as the rocks, can be distinctly seen at a depth incredible to 
persons who have never visited these regions. The density of 
the medium on which the vessel motnes, appcar^icans^ to ^^ 
pBxA that of the atmosphere; and the traveller beGonacs impiea* 
sed with awe at the novelty of his situation." Heriot's TraoeU 
Uirough the Canadas. 
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9Gape. AB, Fig. si. At the lower extremity of the 
second tube is placed a piece of plate-glass EF^ 
ittdined a little to the axis of, the tube; and at 
the upper, extremity is a parabolic mirror GH^ 
with a lamp I placed in its focus» and a conical 
top K, for letting out the smoke. The rays emit- 
ted by the lamp are reflected from the mirror GH 
Ui parallel lines, and, falling with a small degree 
of obliquity upon the glass £F, are refracted from 
their original direction, so as to illuminate the 6b^ 
jects below, to which the tube is pointed. In or- 
dei^to direct this refracted light to the object, what- 
ever be its distance from the observer, it will be 
necessary to have a screw communicating a gentle^ 
inclination to the tube GF. A small degree of 
divergency may be advantageously given to the re- 
fracted rays, by making the interior surface of the 
glass £F concave. Instead of using the light of 
the lamp, the light of the sky may be admitted 
at the open end of the tube GH. When the sea 
is thick and • turbid, the light of the sky is ob«^ 
structed by the solid particles which are dispersed; 
through the fluid mass, and hence it is impossible,, 
by any contrivance, to illuminate the objects at 
the bottom. This instrumient might be conve-; 
luently used lUong with a diving-bell ; and in placet 
of being attached, as is represented in the figure. 
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to a floating piece of wood, it might with grtgater 
adv^antage be fixed on the gunwale of a boat* 

As it may sometimes be necessary to examine 
objects situated below a projecting rock, or be- 
neath the boat or vessel in which the observe is 
placed^ the form of the instrument must be. ac- 
commodated to the peculiarities of this mode of 
observation. With this view, the plates of glasss 
EF, ef^ Plate X. Fig. 5, must be fixed in tl^e sides 
of the tubes, and the two plane mirrors MN, mny 
placed at an angle of 45^ to the axis. The objects, 
below will thus be illuminated, and seen in the 
same manner as before, particularly when they are^ 
<rt>liquely placed with regard to the observer. A 
loss of light, indeed, will be sustained, in conse- 
quence of the reflection from the plane mirrors ; 
but this unavoidable evil is compensated by the 
advantages peculiar to the form of the mstni*. 
ment. 

When the instrument represented in Plate X.' 
Fig. 2. is employed for viewing objects beneath a 

projecting rock, the plane mirror may . be either 

placed without the telescope, at a little distance 

from the object-glass, so as to form different an-^- 

gles with the axis of the instrument ; or the eye* 

-piece of the telescope may be bent into a rectan-, 

ipular form, and the mirror placed, at the angular 
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peint, so that it may make an angle df 45« with the 
axis of each tube. ' This form of the instrunnent 
is perhaps the most convenient, even for ge^iil 
purposes. 

It would lead us into too wide a field to detail 
the. various purposes to which instruments of this 
kind might be applied; but some of these are of 
such peculiar importance, as to require particular 
notice. As ^n accompaniment to the diving-bell^ 
this telescope would be of great service. ' Those 
whd descend into the sea might, without quitting 
the ' bell, exaonine the bottom to a considerable 
distance around them, and thus save a great deal 
of that trouble and danger which must necessarily; 
attend these submarine operations. In moderate 
depths, the instrument alone might be used to dis- 
cover objects at the bottom of the sea ; and when 
the position of these is once ascertained, they 
tbight afterwards be brought up either by diving, 
or by a des<;ent in the diving-bell. In rivers and 
lakes, it might be employed with the same success 
in recovering any article that has been lost. 

Ill the interesting pursuits of the geologist and 
the natural historian, the present instrument will 
find^ an important'' application. It will enable 
them to examine the nature of rocks and strata 
in the. beds of Vrrers ' and lakes; to oBserve the 
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1 

{riienomena of aquatic pbnti? ; to watch the man^ 
ners and motions of fishes and other subaqneous 
animals; and thus to combine, in a high degree, 
the purposes of science and amusement. There 
Is perhaps no recreation more delightful, and cer* 
tainly none more rational, than to be carried along 
the surface of a pellucid stream, and to observe 
alt the phenomena below, when the broken sur^ 
face of the current seems to render it impenetra-* 
ble to human eyes, and to secure its watery inha- 
bitants from the observation and hostility of manJ 

In some of the valuable fisheries, this telescope 
laight also be advantageously employed. In fi'slw 
ing for the pinna marina, as it is practised on the 
coast of Naples ; in discovering the rockd wfaidb 
produce the corals, when the depth is moderate; 
and in finding the banks on which the peart oys*^ 
ters have taken up their abode-^the fishermen 
might derive (Essential aid from an instrument of 
this construction. In the more humble operation 
of finding the haunts of salmon in rivers, and of 
enabling the fishermen to direct his spear with a 
more certain aim, the preceding instrument is not 
without its use. 

In observing the results of experiments liiat 
require to be made under water, and in exami-* 
ni<ig the foundations of wooden bridges and of 
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moles, and the effects produced by tli^ currents on 
the strata at the piers of stone bridges, the present 
instrument will be of considerable advantage. 

An instrument for viewing objects under water 
might be applied to a gun, for the purpose of en- 
aUiog the sportsman .to direct it with. certainlgF 
to any living ol^ect at the bottom of a pool or 
river. 

. The application of the same principle to the 
construction of microscopes will be explained in 
the following Book. 
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CHAP II. 

Description of an Instrument for measuring tlieRe^ 
frdctive Powers of Fluids^ and of a method of 
determining the Refractive Powers of Soiids ; 
with Tables of the Refractive Powers of various 
Substances. 



• V « 



There is perhaps no part of natural philosophy 
more trulj interesting^ than that which relates 
to the determination of the phjrsical properties of 
bodies. An accurate knowledge of these proper* 
ties is of extensive use in the arts and sciences^ 
and has conducted the experimental philosopher 
to some of the finest inventions and discoveries, 
of which the human mind can boast. In the ar- 
dour of research, by which the. last century was 
characterised, investigations of this kind were by 
no^ means overlooked, though they were in a 
great measure confined to the mechanical and 
chemical properties of opaque bodies. It is only 
of late years, that philosophers have turned their 
serious attention to the powers of transparent 
substances, in refracting and dispersing the rays 
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of light; and though the improvement of optical 
instruments is involved in the inquiry, yet this 
branch o( physics must be regarded as still in its 
infsmty. Every attempt, therefore, however hum^* 
ble, of facilitating the determination of refractive 
and dispersive powers, or of confirming and cor- 
recting the results obtained by preceding authors^ 
is dntitled to the particular attention, l)oth of che- 
miste and experimental philosophers. 

.The method of nkeasuring refractive powers, 
which has been most generally employed, is to 

* 

form a prism of the transpacrent substance^ and to 
ascertain the real deviation of a solar ray from its 
original direction, when transmitted through the 
iwo ^^ of Ae prfam. The pri™ i. .„m«l 
slowly about an axis parallel to the common section 
of its planes^ till the refracted ray is stationary be-* 
twieen its two opposite motions ; and when this 
position is obtained, the incident and the emergent 
rays form equal angles with the surfaces at which 
they are refracted. The deviation of the solar ray» 
and thci angle contained by the refracting surfaces, 
being accurately measured, the ration of the sines of 
the angles of incidence and refraction juay be found 
by a simple calculation. In order to obtain an. 
accurate measure of this deviation. Sir Isaac New- 
ton iqppUfed the prism to a quadrant, and obser- 
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ved the angle "^hich the mean refrangible rays 
diAde with the horizon ; ajad by means of this an- 
gle, and the sun's altitude, observed at the samA 
time, he found the angle of refraction, and con«> 
sequently the ratio of th^ sines of the angles of 
incidence and refraction, for the mean refrangible 
rays. 

The celebrated Euler suggested a method of 
measuring the refractive powers of transparent 
iioids, by inclosing them between two large me-^ 
nlscuses of glass, and observing the focal length 
of the compound l^is, as altered by the different 
convex lenses of the fluids which were inclosed. 
The curvature of the meniscuses, ^and the refrac^ 
tive power of the glass from which they were 
made, being accurately determined, the refractive 
powers of the inclosed fluids were easily ascier^ 
tained. This method was put in practi<ie by his 
son Albert Euler ; but he applied it only to a very 
few substances, and obtained no results which 
were deserving of notice. ( 

Both these methods, howevar, though. ^uffi«> 
i^iently accurate for transparent fluids, are ;coin«. 
pletely ini^licsdile to a numerous class of soft 
and solid substances, which aioe partly diajdumous ; 
and even to those fluids, such as petroleuai, bai« 
sam of Peni, balsam of sulpbor, &fc. which are but 
imperfectly transparent- 
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A Hew aiid elegaht method of examining re- 
fractive powers by prismatic reflection, has been 
recently proposed by Dr Wollaston, who has thus 
ascertained th^ index of refraction for more than 
eo diflfei«nt substances. *< This method," says Dr 
WoUaston, ^* was suggested by a consideration of 
Sir Isaac Newton's prismatic eye-glass, the prin- 
ciple of which depends on the reflection of light 
at the inner surface of a dense refracting medium. 
Since the range of inclination within which total 
reflection takes platie, depends Aot only on the 
density of the reflecting prism, but also on the 
nrliy of the medium adjacent to it, the extent of 
that range varies with the diff*erehce of the den- 
sitles of the two media. When, therefore, the re- 
ttwttffe p6Wer of one medium is known, that of 
99iy f&ret medium may be learned by examining 
at tt^bM; Single a ray of light will be reflected from 
it. 

^ B^ instance, when any object is laid under a 
pHsm of flint-glass, with |iir alone interposed, the 
intetnH angle of incidence at which the risnal 
ray begins to be totally reflected, and at which 
the ofe^i ceases to be seen by refraction, is about 
9tf 10^; but, When the object has been dipped in 
water, ait4 bought inta contact with the glass, it 
coniiwies visible by means of the higher refrac- 
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tiye power of the water, as far as 57i* of inci- 
dence. : When any kind of oil, or any resinous 
cement. Is interposed^ this angle is still greater, 

'according to the refractive power of the mediunt 
employed; and by cements that refract more 

' strongly than the glass, the object may be seen 
through the prism, at whatever angle of incideHce 
it is viewed. 

" In examining the refrafetive powers of fluids, 
or of fusible substances, the' requisite contact is 
easily obtained; biit with solids whichcan in few 
instances be made to touch to any great extent^ 
this cannot be effected without the inteiposHioaEi 
of some fl,uid or cetnent of higher refractive powir 
than the medium under e^^amination. Since. the 
surfaces of a stratum so interposed ^e piirii}lel; 
it will i^t affect thie total devi^ttion of it rajr 
passing through it, and may therefore be ^opiplpyw 
ed without risk of any error in consequence." . 

.Tfae,instru|nent which DrWoUa$ton;hiy!i' con- 
structed upon this priiicipde, is extrenl^ly simple 
and ingenious, ^id:does gireat credit to^ttesixH 
ventive powers of that distinguished phdoso* 
pher ; : but as I have never , examined thi» m^ 
str^ment itself, I^m by n^ means entitled; to !pw 
nounce u^n/ its accuracy.; DrThqititoisS^o^^tti^^ 
bowe^r^ a' very <^inpetefit j5idge,'h£u$ resMckiKl,^ 
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that Dr Wollaston's numbers belong correctly to 
the extreme red rays ; and if this observation is 
well founded, all his measures of refractive pow- 
ers must be increased by half the angle of disper- 
sion, a quantity which cannot be obtained till the 
mdex of refraction has been previously deter- 
mined. Independent of this objection, I cannot 
but suspect, that the principle of prismatic re* 
flection is liable, in practice, to some source of 
error, against which Dr WoUaston has not suffi- 
ciently provided. I am induced to hazard this 
<;onjecture, by observing the enormous difference 
between many of his results and mine : a diffe- 
rence which could not possibly have arisen from 
any inacctiracy of observation, and still less from 
any variety in the nature of the substances which 
were exanuned. Pitch* for example, is ranked by 
Dr Wollaston in the order of refractive powers as 
below oil of sassafras, and even below Radcliffe 
crawn*glass, whereas, according to my experi- 
ments, it ranks very far above oil of sassafras. 
This discrepancy appeared to me so great, that 
I repeated the experiment with different kinds of 
c»l of sassafras and pitch, but I uniformly obtain- 
ed the same result. .The refractitre power of phos- 
phorus, which Dr WoUaston makes 1.579, below 
both horn and flint-gliMSs, affords a still more stri- 
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king proof of this conjecture. I hare exomin^ 
this substance with particular care, and have 
found its r^ractive powei: to exceed that of aiijf 
substance which I have tried by this method» and 
to rank between sulphur and diamond ; a r^sujt 
which might have been ei^pected from its h|g)| 
degree of inflammability. In the observatioas 
upon the following Table of Refractive Powe79» 
I shall have occasion to resume this subject, m^ 
to point out other cases in which the mes^imi 
seem to( be fallacious. 

My attention was naturally drawn to the $ttb*^ 
ject of refractive powers, while using the instru*^ 
ments for viewing objects underwater, which bavQ 
been described in the preceding Chapter. It was 
pbvioiis, that ihe focal length of the object-glass of 
a telescope varied with the refractive power of the 
fluid in which it was plunged ; and that^ if a com-* 
pound mici^^oope were employed* where the image 
is always formed at the same diatance behind the 
object-glass, the distance of the object from the 
old^t-glas?, or the ma|p(iitude of the image mea- 
sured by a micrometer,, would 4ikewise afford a 
me^^re of the refractive power of the fluid in 
n^ich the o^eet and the object-^lass^ were im- 
meri^t I accordingly fitted up a compound mi- 
cfoscc^e with a suitable apparatus^ and, by pla* 
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cing an object ^t the bottom of a glass^Tessel 
oontaming the fluid to be exiRmmed, and immer-' 
i;ii^ the exterior surface of the object-glass in the 
fluid, the distance between the object and the ob- 
ject-glass furnished a relative, or, by a little cal<* 
culation, an absolute measure of the refractive 
p6wer of the fluid. After making a number of 
eiqperinients in this way, I sq.w that the principle 
was not sufficiently general in its application; 
that a great depth of fluid was necessary when 
its refractive power was great ; and that it could 
not be employed in the examination of imper« 
fectly transpat^nt fluids, and of the numerous 
dass of soft solid substances, including the va« 
rious gums and resins. I therefore abandoned it 
altogetiier, and adopted the method which I shall 
BOW proceed to describe 

At the extremity MN (Plate X* Fig. 6.) of a 
compound microscope, at which the object^'glass is 
placed, a piece of thin parallel g^ass a is fixed in 
a position perpendicular to the axis of the instru<> 

ment* A doujbde and equally convex lens 6, whose 
axis is also coincident with that of the microsc(^)eH 
is inserted at the end of a sanall tube of braasi 
ABCD, which screws upon th^ piece MN, so that 
the inner surface of the lens can be brought intqt 
contact with the piece of glass a, or placed at 



248 INSTRUMENT TOR. MEASURING BOOK IV. 
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any small distance from it. By means. df two 
opposite perforations, in the side of the tube 
ABCD, ihimediately behind the lens b^ a small 
portion of any substance can be introduced be-; 
tween the convex leiis and the piiece of parallel 
glass. If the substance is fluid, it will fdmi a 
plano-concave lens, whose thickness may be di- 
minished to any assignable magnitude, by screw- 
ing the lens b nearer to the plate of parallel glass ; 
and if the substance is soft, and imperfectly, trans- 
parent, it may be easily pressed, by the force of 
the screw, into a plano-concave lens, so extremely 
thin at the centre as to^e completely diaphanous. 
By this means I have obtained the most perfectly 
transpai'ent lenses of aloes, pitch, opium, asafce- 
iida, dragons^ blood, caoutchouc, and many other 
substances, through which light bad never before 
been regularly refracted. 

The plano-concave lens of the refracting body 
which is thus formed, obviously tends to increase 
the focal length of the convex lens 6, and, con- 
sequently, to' form the image of any , object placed 
at m, at a greater distance than the point P in 
the anterior focus of the eye-glass QR ; but as 
the lenses QR, LL, and b, are all fixed at inva- 
riable distances, it becomes necessary to remove 
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the object tp n» in order that a distinct image of 
it may be* formed at P. If a fluid of greater re- 
fir&ptive density is interposed between the lenses^ 
the plano-concave lens which it forms will have a 
greater power in augmenting the focal length of 
b ; and therefore, in order to have a distinct 
image at P, the object must be removed to some 
point, as at n, at a greater distance from b. Hence 
the distances b m, b », &c.' when carefully mea* 
sured, wUl furnish a relative, or, by a simple cal- 
culation, an absolute value of the refractive power 
of the inclosed fluid. For those who are desirous 
to have the index of refraction without any trou- 
ble, the instrument might be easily fitted up so 
as to shew this by inspection ; the index of refrac- 
tioD) corresponding to seventl of the distances 
bm, bn, &c. being determined by direct experi- 
ment. 

In the -following experiments, the object view- 
ed by the microscope was a number of minute 
scratches upon the upper surface of a piece of 
plane glass ; the distances &m, &n, &c« were mea- 
sured by a pair of reverted calipers upon a well 
divided scale ; the lenses were preserved at an in- 
variable distance from each other; the thickness 
of the plano-concave lens, at the centre, was 



SSO INSTRUMSKT FOR MEASURING BOOK IV. 

kept as uniform as possible ; and the greatest cure 
was taken to observe the image which was fsrm* 
ed by the mean refrangible rays. In order to pre^^ 
vent any error in judging of the instant of distinct 
vision, from a variation in the focal length of the 
eye^ a delicate fibre of glass, with a transparent 
axis, was stretched across the diaphragm, at th« 
anterior focus of the eye-glass. The eye being 
always accommodated to the central part of this 
fibre at the moment of observation, it is manifest 
that all the results were obtained when the eye 
of the observer had the same focal length. 

The numbers in the following Tables'represent 
merely the distances bm, huy dec. or the interval 
between the object and the object-glass of the 
microscope. I intended, at first, to have computed 
from these data the index of refraction^ or the 
ratio between the sines of the angles of incidence 
and refraction for each substance ; but, as the ob- 
ject-glass had a very smull diameter, and as J did 
not possess the tools in which it was ground, I 
could not trust to the value of the radius of its 
surfaces, as determined merely from the lens it« 
self. To those, however, who may wish to repeat 
the experiments, the following formulae will be of 
considerable service, and will enable them to find 
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the ind^x of refraction wUhwt xomh tbronblet 
Let 

11139 jiylesLQf refeactioD for the oonve); tens A» Phtf^X 

Fig. 7. i 
^= index of refraction for the concave fluid lens B ; 

-J-.and^=— • 

d = SA^ the distance of the ohject from the objeqt-|^ass^ 
as given in the following Tables ; 

f:s AF, the focal length of the liens A, for rays diver* 
ging from S ; . . ' 

^ = Aj^ the focal length of the compound lens AB ; 

r=r the radius of each surface of the lens A : 



Then we shall have. 



•^""grf — pr y 

0f 
ir==----J^— r; and. 



In the object-glass which was employed for the 
following experiments, r was nearly 1.16; but I 
was at no trouble in acertaining this number, aa 

a new lens was executing for me, in such a man* 

« 

* As ^ is a constant quantity, it may be found either by di« 
rect observation, or by assuming the index of refraction for w«« 
ter to be 1.336. 
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ner that the radius of its surfaces might be accu- 
rately ascertained. 

The determination of the index of refraction is, 
after all^ of very little importance. The numbers 
in the following Table are sufficient for every pur- 
pose of physics and chemistry; and those who 
wish to employ any of the substances for optical 
purposes, will be disposed to determine the ratio 
of the sines for themselves. 



» 1 
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Table I. Containing the Refractive Powers ofvor 
riaus Solid and Fluid Substances.^ 

' V 

Diamond, - fe - See page 282. 

Phosphorus, - - . ^ I See Table 11. 

Sulphur, - : " • r * 
Aloes, socotrine, - - - - . 6.120 

5. Ditto, Barbadoes, - - - 5.120 

f Oil of cinnamon. No. 12. inspissated by ^x- 

posure to the air 1 hour, - - £.087 

* ft may be proper to meatioii^-that ahnost all l&e oils in 
ihe following TabL^. were procured ircvn an apothecary's shop, 
and may not therefore be of the genuine kind. 

+ It is very singular^ that Mr Haiiksbee should make the 
refractive power of oil of cinnamon considerably less than that 
of oil of sassafras. No other author, so fitr as I know, ha$ made 
the experiment ; so that, till now, the very unusual refractive 
and dispersive qualities of this fluid, and of oil of cassia, have 
been unknown. The oil of cinnamon. No. 6. and IS. were out 
pf the same bottle, and, thoogh sold as oil of cinnamon, lit is cer* 
taihly oil of cassia. It had the appearance of being adulterated 
with some foreign, substance, both from its sifiell and froni its 
colour, which resembled that of brttidy. The oil of cinattenoa, 
)fo. 9. was from a diffisrent shop, and had the same colour 
vithijie oil. of cassia^ No. 7* wfaieh was sold under its right 
name. Perhaps the genuine. oil of dnnampn, which I have not 
b^ti.able to obtain, might have been that' which Mr Hauksbee 
ei^kyed ; though it is highly improbable that its refractive 
power could be so very low. 
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Oil of cassia, - - - ^ - 6.077 

Balsam of Tolu, - - - 4.987 

Oil of cinnamon^ (a different kind) - 4.837 

10* * Muriate of antimony after standing 3 days, 4.710 

Resin of jalap, ... 4.631^ 

Babam of Peru, ... 4.576 

Oil of cinnamon, - , • • 4.560 

Guiacum, * - '. - . 4.498 

15. Muriate of antimony after standing 22 hours, 4.473 

fPitcB, - . - . 4.201 

Ditto, another kind, - - . 4.198 

Ditto, burned a little, - • 4.311 

Oum ammoniac, - - - 4.159 

20. AsafcEtida, - - . - •- 4.106 

Dragonls bloody -. - - \ ■ 4.009 

Manna burned iiito a very deep colour, 3.096 
Jviice of the Asarum Europeum, after standing 

IShours, - - ♦■ - 3.949 

Opium, . . - . . 3.931 



* This muriate of atLtimony is the same as Na*^9. Its iv* 
fractive power increased very rapNly by exposure to the air; 
a result which is the more singular^ as this substance imbibeiS 
water very rapidly from the atiliosjtere. As the nefraotmi 
power of water is less than that of aiiy other substance, it uni* 
ibimly dimuiii^es the refiractive power of any body with wluiji 
it is' mixed, and hence we should have expected a result th* 
very reverse of what was obtained. See Table V. 

t It is very remarkable, that vision was. more perfect whtti 
m concave lens of pitch was employed^ than when i& waar nmitf 
of any other substance. 
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SA. Caoutchouc,^ • - * - 3.887 

Muriate of antimonj after standing 5 hours^ 3.847 

Copal, . . . . 3.843 

♦ Glue, nearly hard, - - . 3.841 
Manna burned into a deeper colour tban 

No. 31. - . . . S.832 

Sa Rosin, - - . - . - a831 

Elemi, - - - - 3.811 

Gum galbanum, ... * 3L811 

Manna burned into a jeilowish-browh colour, 3.774 

Gum anime • - - •* 3.767 

3ft. Gum Thus, . . • <. 3.766 

Burgundy pitch, • . « ^.761 

Turpentine^ common, i&om a wrought plank, 3.757 

White sugar melted by heat, - • 3.753 

Gum 9agapeaum, • » « 3.751 

40. Chio turpentine, - - - 3.748 

Petroleum, - . . - 3-739 

Benzoin, - - - - 3.722 

dum juniper, - - - 3.711 

Oil of cinnamon and oil ot olives, 1 part each, 3.692 

46. Oil of cteves, - . . • . 3;688 

Mastic, - 3;678 

Oil of anise seeds^* . - « • 3.657 



* This glue was placed between the glasses when it was in 
such a state oT induration that it could scarcely be cut with a 
knife. It hardened by exposure tp the air^ but was not altogen 
thar free from water when the expmment was nuide. 
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Oil of sassafras, - - -. - 3.651 

Manna slightly Beated between tbe lense% imd 
then cooled, - - - ^ 3.623 

60. Canada balsam, - -1 *. 5.617 

Gum olibanuih, - - - . " ^^ 3.610 

Juice of the Urtica dioica^ after standing some 

time, (not a good obsenralion,) ~ - , 3.598 

♦ Genuine balsam of Gilead, - -! 3.580 

► Shell lac, - - - -^ 3*573 

55. Besin fresh from the lai*cb, .. -i 3.567 

Resin of the bile of an ox, (from John Dayj, 

Esq.) • • - -: 3.567 

Chio turpentine jnelted,. - -! . 5.660 

: Oil Off macej No. 123. cooled, - - . 3.547 

. Oil of Barbadoes tar, - - .. - ^ 3.526 

60. Skimmed milk mixed with water, and in^is- 

sated by evaporation, - - . "• 3.520 

Gum myrrh, - - - , - .3.463 

Glue as 5oft as caoutchouc, .- 7. 3.458 

Balsam of Capivi,. - -- - - 3.457 

Oil of cinnamon 1 part, oil of olives 2 p4rts, 3.443 
65. Juice of a ripe orange inspissated, , - 3.433 
Gum Arabic, not altogether free from water, 3.423 
Oil of mace, - - - - - 3.413 
Weak infusion of senna, after standing 9 hours, 3.412 
Juice of the Sedwn Telepkium, after standing 
14 hours, - - - - - 3.412 



♦ In the possession of John Murray, Esq. and brought fitHm 
Mecca by Captain Vashon. 
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• 

'70. Juice of the Angelica Archangelicaj sStet standi 

ing several hours, - - > . - 3.402 

Juice of the Le<mtod&n taraxaam^ after stand- 
ing 14 hours, - -. . 4 « 3.400 
Juice of the Laetuca virosa,^ after standing 10 
. hours, - "- -» * 3.400 
Scammony, * - «. « ^ 3.400 
JuiceK>f the^ Sanguinaria Canadensisy after stahd- 

: ; . inglghoursr - - - - - B.387 

: 75. Oil of -sweei fennel seeds, «- 3.376 

White wax melted, and then cooled, -» , 3.375 
Oil of anrfjer, - . * -. * 3.373 

Starch dried, - .: .* - • .3.347 

Muriate of antimonj before exposure to the air, 3.347 

. 60. Orange juice, after standing 18 hours, « 3.347 
Juice of the. Itammculus, FhnrnuUiy itfter stand- 
ing 7 hours, - * 3.337 

Juice. of the Angdica sylveatris, after standing 
^ 4i hours, - - . - . - - - 3.334 
Oil of pimento, or Jamaica pepper^ - \. 3.334 
Oil of Rhodium, ;« * • - 3 333 

.86. Spermaceti, cold, -- - , - - 3.318 
Hemlock juice. {Contum tnacutalum), after stand- 
ing 6^m, . . - . . 3.317 

: Yolk of an egg nearly dried, - - 3.310 

>Treacle, . - •. - . - - 3.307 

Oil of cinnamon 1 pairt, oil of olives 4 parts, 3.S83 

SO* Camphor, ^ - . . 3.880 

Oil of spearmint, - . . . - 3.277 
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Oiiofhjsflop/ 3.871 

Honey, - • - - 3.267 

Baisam of sulphur^ ^ « , 3.259 

05. Bees wax, cold, - - . 3.243 

Tallow, cold, 3.243 

Yolk of an egg, after 15 hours exposure, 3.234 
Genuine oil of juniper, (from John Murray, 

Esq.) . . - - - - 3.231 

Oil of nutmeg, - « • 3.227 

100. Oil of caraway seeds, •» * * 3.823 

Oil ef penny royal, - - - 3.220 

Oil of lemon, - .. • 5.2I6 

Hemlock juice, after standing 4^ 25^;, 8.210 
Oil of wormwood, yellow coloured, after 

standing 6 houri, - ^ 3.210 

105. Alum, 3.209 

Raspberry jam, , - * 3.207 

Oil of dill seed, - - - . 3.201 

Windsor soap, - - - - 3.200 

Lintseed oil, - . . * « 3.196 

110. Orange juice, after standing 8 hours, ^ 8.196 

Oil of thyme, -- -* - 3.190 

Oil i)f cinnamon 1 piurt, oil of olives B partSs 3.187 

Oilofsavine, - - - - 3.184 

Florence oil, - • •^ - 3.183 

116. Castor oil, - . - . 3.183 

Oil of wOTmwood, yellow coloured, - 3.181 

Oil of laurel, (a plaster for horses feet,) S.170 

Tallow, meltedi - - - 3.167 

Train oil, - - - - - 3.167 



CHAP. II. BEPRACtlVK TOWERS. S£9 

19a Oil of juniper, *- • . . ^ 3.IS7 

|f fflc <rf the eo0Mi nut, after atandHigi 8 hours, 3. 156 

Oil of almonds, - — • 3.153 

. Oil of mace. No. 67. melted, - - 8.147 

< ' Naples soap, - - - ,' - - -. S.l$7 

t^. Cajeput oil, - - . . . 3.126 

Oil of cinnamon 1 part, oil of oliveft It parte, 3.120 

Huileantiqne deloktoBc^ • - • 3.116 

' Oil of turpentine, *^ - - - 3.115 

Oil of .camomile, * - . - ' 3.114 

130. Oil of olives, - - - - - 3.113 

Juice of a ripe orange/after standing 4 hoars, 3.107 

Oil of lareiider, . - - : . 3.105 

■ Naphtha, - . -/ 3.105 

Rapeseed oil, or green 411; . ^ 3.105 

135! Ollo^palm, - ^ • ' - 3.103 

• Fresh butter, - - ^ * ' - ' 3.098 

Spermaceti oil, - - - >' 3.090 

Oil of peppermint, - - »i ' 3.089 

Oil of bergamot, '. - - 3.088 

140. Oil of rosemary, ... 3.077 

.. Interior of the cryftaUioe of a }i«d4Qck, ■ 

(not the nucleus,) - 't' 5.067 

Oil of t>rick, distilled from spermaceti oil, 3.066 

Salt butter, - . - * 3.053 

► Mdniiala4]e» . - - -p 3.047 

145. Jelly from lamb, after standing 15 hours, 3.047 

Yolk of an egg, after a minute^s exposure to 

the air, . - - - - 3.041 
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Tallow^ melted, - • - 3.038 

' Juice of the Rumtx sanguineu9p after standing 

sereral hours, -- - - • 3.037 

White wax, melted> - - • ^ 3.003 
150. Spermaceti, melted, . - . - • 2.946 

BeesV wax, melted, • . «. . ' 8;94 
Oilofrhue, • . ,. ' . , 2.909 

Sulphuric acid of the shops^ * « 2.867 
* Muriate of antimony, « « « 2.853 
155* External part of the crystalline of a young 

haddock, - - - 2,843 

Phosphorous acid, . ^ . « 2.833 

Central portion of the crystalline lens of a 

lamb, - - - - 2.829 

' Middle coat of do. do, • •- 2.780 

Yolk, of a hen's egg, (newly taken out,) • ^ 2,778 

160,. Gluten of wheats dried between the lenses, 2.767 

f Gum dragon, (nearly dry,) - - 2.723 

Sulphuric acid. No.. 153. after standing half 

an. hour in damp Wf " «- 2.687 



* This is the muriate of antimony of the shops, and is much 
'inferior in refractive power to No. ,79* 

t^Dr Wollastpn mak^ the i^fractive power of gum-dragon 
between 1.657 and 1.768> which is very much greater tlian bal« 
sam of TolU; wher^^ in the preceBing Table^ it is lower than 
all the balsams, gums; resins, and oils. The portion of this 
substance, however^ which I used^ was not altogether dry;. 'sq 
that its refractive power in the preceding Table is lower than it 
.would have been^ had the water which it contained been com* 
pletely evaporated. See the Table, p. 286, No. 95, 
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K External part of the crystalline of a haddock^ . 

(older than No. 165.) - * 2.670 

Crystalline of a pigeon^s eye^ «... 2.650 

165. Juice of the rhind of a ripe orange, >» 8.633 

♦Pus, . -- . . . - 2.587 

Essence of peppermint, - - . - 2.57T 

Aromatic spirit of vinegar5 - •- > 2.555 

Milk of the cocoa nut, * *• 2.547 

170. Outer coat of the crystalline of a lamb, (see 

No. 157, 158.) • * * 2.641 

Cornea of ditto, - - - 2.541 

Juice of the fruit of a ripe orange, . • 2.517 

Oil of wine, * . • - 2.504 

Oil of ambergrease, - • • ' •* . 2.504 

175. Alcohol, - - - - ^2.497 

Whitish fluid between the crystalline and its 

capsule, in the haddock No. 155. - 2.491 
Fluid from the crystalline of a lamb, after 

puncturing the capsule, (see No* 170.) 2.473 

Bile of a fowl, - . - - * 2.473 

Juice of the Sonckua oleraceuty - - 2.473 

180. Ink, . . - - 2.467 

Ketchup, • - . . - 2.460 

Juice of the Chdidonum majtu^ - 2.448 

Juice of the Angdica Archangdicay - 2.447 

Strong Highland whisky, ^ - 2.446 



♦ The difference of the refractive power of pus and mucus is 
sb very considerable^ that the one could scarcely be mistaken 
for the other when this optical test ia emjdoyed. 



185. Laudaauni, « « * « « S.446U 

.. Essence of peppermint^ •* • 3.436 

Juice of the Jaarum EufVffttm^ • - 2.433 

Arquebuzade, » . ^ » 2.48fL 

Brandy, - . . - . . - C.413 

190. Bum, - . . . . * 8.413 

White of a hen's egg^ «... 8.409 

Juice of the LeotUodm taraxaeumj or dandelion, 8.403 

Jutoe of the Ranunculus Fktmmidd, « 8.399 

Juice of the Safiguinaria Canaddenria^ « 8.398 

195. Juice of the Urtica dioica^ - - 8.397 
Oil of boxwoods • . « 8^6 
Juice of the Angelica sjfhutrisy - ^ S.39S 
Jelly from cold lamb, - - - 8.393 
Juice of the fruit of a ripe orange newly ta- 
ken out, - - .... 8.398 

800. Juice of the Cimiufk moctftottm, or hemlock^ 

newly taken out, . * . 8.390 

Human blOod, - ^ - * . • 8.387 

Juice of the Sedum Telephiuniy - • 8.387 

Vitreous humour of a pigeon^s eye, - 8.380 

Port Wine, .... 8.378 

805. Strong infusion of tea, - • 8.357 

Juice of the Lactucd virasa, - •* 8.354 

Weak infusion of senna, ... 8.353 

Vinegar, - .. - - 8.347 

Vitreous humour of a lamb's eye, - 8.346 

210. Juice of the Rumex sanguineus^ . - - 8.343 

Aqueous humour of a haddock's eye, - 2.386 

Vitreous humour of do. - * 2.326 
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Expectorated mucus, - - . 3.321 

Saliva, 2381 

216. Wa*er, .... 2.309 

Air, - - - - - 1A2S 

When sulpbut was placed between the lenses, 
its refractive power was so great, that the refrac* 
tion at one concave surface of this substance was 
nearly equal to the refraction at two surfaces of 
glass of the same convexity. Hence the com- 
pound lensy instead of being convex, almost re- 
sembled It piece of parallel glass in which the re- 
fractions are equal and opposite. 

In Subjecting phosphorus to a similar trial, I 
was led to expect, from Dr WoUaston's measure 
of its refractive power, a very different result ; but 
I was surprised to find its refractive density so 
enormous, that the deviation produced at one 
concave surface of this substance, ivas greater 
than the two refractions at both the convex sur- 
faces of the lens, and that the compound lens had 
actually become concave. The refractive power, 
therefore, of these two inflammable substances, 
eadended far beyond the scale of Table I. so that 
I was under the necessity of employing a new 
digect-glass for the microscope, having its sides 
unequally Convex, and its flat surface turned 
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to the piece of plane glass. By this means, the 
concave surface* of the sulphur or phosphorus had 
such a small degree of curvature, that it was in- 
capable of counteracting the deep' convexity of 
the exterior surface of the lens of glass ; and a 
compound lens was thus obtained which had al- 
ways a positive focus, and which required the ob- 
ject to be placed at a distance sufficiently com- 
modious for the purposes of observation. 

With this new object-glass I obtained the fol- 
lowing results for sulphur and phosphorus, and 
Several other bodies ; and, in order to shew the 
nature of the new scale, I have, added the results 
for a few other substances which are already in- 
eluded, upon a different scale, in Table I. 

Table II- Containing the Refractive Powers of 

Phosphorus^ Sulphur , ^c. 

Refraction from air, . - - 1.000 

Water, - . - - . 1.346 

Ether, - - . - 1.400 

Alcohol, V . . - . 1.404 

5. Tincture of cantharides, .• - 1.413 

Muriatic acid, - • ... 1.431 

' Nitrous acid, - - - . • 1.446 

' Nitric acid^ -. - - - 1.456 
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Hydrate of soda melted by beat» - 1.458 

10. * Hydropbospboric acid melted and hot, 1.476 

Do. when cold, - - - 1,507 
-f Compound of chlorine and manganese after 

deliquescence, - - - 1.500 

. Do. after standing all night, - - 1.516 

Sulphuric acid, . - - - - 1.617 

15., Oil of poppy, - - - . 1.584 

Oil of turpentine, - - • - 1.588 

Oil of feugreck, • - r - 1.593 

Oil of magoram, * ^ . . 1.596 

Nut oil, . - - - - 1.600 

20. Oil of angelica, . . - - 1.600 
Solution of gum-kiiio in alcohol, just trans- 
parent, - - - - 1.600 

Bird-lime, L630 

Oil of pimento, . » « 1.637 

Balsam of capivi, ... 1.646 

26. Oil of Cumin, ... - . 1.650 

. Oil of sassafras, . - - - - 1.663 

Oil of the cashew nut, ... 1.692 

Sugar after fusion, ... - 1,704 

Rosin; ..... . 1.720 

SO. Pitch, 1.806 

Oil of cinnamon, - ^ - 1.817 



• Made by Sir Humphiy Davy, and given to me by John 
Davy, Esq. 
t From John Davy, Esq. See PhU. Trans. 1812. 



266 TABLES OF 

• 


MOK IV. 


Balsam of Peru, « - 


1.826 


Balsam of Tplu, » « . 


1.871 


Castor from the beaver. 


Ji.900 


35. Oil of cassia, . . 


1.911 


Sulphur, - * - - 


4.337 


Phosphorus, - - - 


7.094 



This measure of the refractive power of phos-* 
phorus, so extremely different from the result ob- 
tained by Dr WoUaston,* confirms the beautiful 
and sagacious conjecture of Sir Isaac Newton^ 
that all inflammable substances have high refrac- 
tive powers. This conjecture, founded on a very 
limited number of experiments, was completely 
overturned by the results of Dr WoUaston's ob- 
servations ; and I therefore feel peculiar satisfac- 
tion in restoring to credit the opinion of our im- 
mortal countryman, and in establishing, for the 
first time, that the . refractive powers of the three 
simple inflammable substances are in the very order 
of their inflammability. 

In making the experiment with phosphorus, I 
was particularly solicitous to guard against every 
source of error, and I have now repeated it more 



* Th^ result obtained by this ingenious philosopher, when 
reduced to the seak in the preceding Table, is about l.S in- 
stead of 7*094. ' 
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tban six times with the same result.* Some diffi- 
culty wUl be experienced, by those who choose 
to repeat the experiment, in moulding a thin 
plate of phosphorus into ^ plano-concave lens. 
The phosphorous acid, which is instantly formed - 
upon its surface by exposure to the air, must be 
carefully taken off by a piece of bibulous paper 
before the substance is placed betweati the lenses^ 
In order to find the index of refraction when 
the lens of glass is unequally convex, let us sup- 
pose r to be radius of the surface next the object, 
and R the radius of the other surface, and, con- 
sequently, the radius of the plano-concave lens of 
fluid ; then, the other quantities being indicated 
by the same letters, as in page 251. we shall have 



pdrR 
^"dr + dR-^prB, 

_ »R-/R . . 



* It will be seen from the Table in p. 283., that I have ob» ^ 
tained a similar result by forming the phosphorus into prisms • 
Wtwvcn plates of glass. 
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. Though all the following Tables, except Ta* 
ble V* have already been given in the General 
Table, yet it is of importance to have them also 
in a separate form. The scale is precisely the 
same as in Table I. 



Table III. Containing the Refractive Powers of 
the Fluids of a Young Haddock's Eye. 

Aqueous humour, . . • • . 8.396 
Vitreous humour, - . . 8.326 

Whitish fluid between the crystalline and its cap- 
sule, ..... 2.491 
External part of the crystalline^ - - 8.843 
The central part of the crystalline, 0.133 ; of an 
inch thick, placed between the lenses, - 0.377 

The central part of the crystalline, in the last 
of these experiments, was rolled between the fin- 
ger and the thumb till it was deprived of all the 
softer parts, and till only a small hard nucleus 
remained, having a diameter of IS hundredths 
of an inch. This nucleus was placed between 
the lenses, but the distance of the object, instead 
of being about 3.00 inches, as one would, without 
much thought, have expected, was only 37 hun- 
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dredths of an inch. This curious result is a com- 
plete proof of the great rapidity with which the 
refractive density, of the lens inci'eases towards 
the centre, and will be understood from Plate X. 
Fig. 8. where- CD is the piece of parallel glass, 
AB the convex object-glass, and EF the nucleus 
of the crystalline. Now, since the concave sur- 
face^ which is in contact with the posterior sut- 
iace of the lens AB, is obviously formed by th^ 
exterior coat mm of the crystalline ; and since 
this coat has a less refractive power than the in- 

- ■ • • • ' . . • 

terior nucleus n, this nucleus must act as a con* 
cave lens ; and its action is so powerful, that it 
far more than counteracts the refraction produced 
at the concave surface of m m. Had the refrac- 
tion of the external nucleus been precisely equal 
to the refraction of the concave surface of the 
crystalline, the distance of the object would'have 
been 2.843 inches instead of O.S77. It must be 
recollected, however, that the nucleus n refracts 
like a double convex lens, while the coat m m re«« 
fracts only at its anterior surface. 
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Table IV. Refractive Powers of the Fluids of a 

LamVs Eye. 

Vitreous humour, . - * • ., 2.346 

.I'luid in the crystalline after puncturing the cap* 

sule, - - * - - - 2.473 

Outer coat of the crystalline lens, - '•? 2.541 

Middle coat of do. - - -' 2.780 

Central portion of do. r . ' * 2.829 

The following experiments were made upon 
muriate of antiniony, in order to ascertain the 
pause of its. refractive density beingp increased by- 
exposure to the air. The ^cal^ is ^the gam^ a3 in 
Table II. 



\ 

J 



Table V. Refractive Power 6f Mtriate of • 

Ahtimom/. ' 

' r • ^ ■ . . • ■ ■ ' ■ ' 

. . 1.1 

M^iriate Qf aBtimony9 «* - -v ^ 1.60P 

Do. exposed to the.air, •; ^ , » •* 1.64^ 

Do. exposedto the air longer, - - 1.700 

Do. exposed to the damp open air, - 1.578 

Do. taken into the room, ... 1.643 

Do. after being placed in dry air, - ' - 1.687 

Do. being exposed to the light of the sun, - 1.750 * 

Do. do. - - - 1.800 
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Do. being exposed to the light of the siin,^ - 1«927 
Do. do. the sun'^s light being Terj weak, 1.850 

Do. do. the sun's light being weaker, 1.887 

Do. do. placed in damp air, - 1 .667 



N 



Table VI. Mefraciive Pau>er^ of Vegetdbk Jmces. 

J. Juice of the fruit of a ripe orange newly 

taken out, « •• -* 3.392 

Do. after standing seyeral days, «. - 3.4S3 
9p Juice of the Contum inatmlaiumy or common 

hemlock, . r - » ^ « 3.390 

Do. after standing 6^ jKr, . « 3.317 

5. Juice of the Angelica ^vairu^ * ^ 2.593 
Do. after standing 2 hours, - - 2.833 
Do. after standing 4^ hours, - - 3.334 

4. Juice of the Angelica Archqngdica^ - 2.447 

Dp. after standing several hours, * 3.402 

$. Juice of the Sanguinaria Canadensis^ - 2*398 

Do. after standing 12 hours, • - 3.387 

6. Juice of the Leontodon taraxacum^ - 3.403 
Do. after standing 14 hours, - - 3.400 

7. Juice of the Laetwca virasOf - - 3.354 
Do. after standing 10 hours, ^ - 3.400 

8. Juice of the Rumex sanguineus, * i * 8.343 
Do. after standing some hours, - 3.833 
Do. after standing longer, ... 3.037 

9* Juice of the Chdidsmum m^usy - - 3.448 
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10. Weak infusion of senna, - -^ 2^353 
Do. after being exposed to the air 9 hours, 3.412 

11. Juice of the J<or urn Uuropei^mi * « 2i433 
Do. after standing sererai hours, - 3i648 
Do. after standing^ longer, « . 3.81^ 
Do. after standing 18 hours, . - - 3.949 

12. Juiee of the Ranimeidus Flamnmla, - 2.399 
Do. after standing 7 hours, - - 3.337 

13. Juice of the Sedum Telepkium, • - 2.367 
Do. after standing 14 hours, - ' - 3.412 

14. Juice of the Urtica dwicaj - • 2.397 
Do. after standing,*-^{not a good obserration) 3.592 

1^. Juice of the Sonchus okraceus, - - 2.473 

Do. after standing 7 hours, - - 3.400 

16k Juica of the Fragaria Vesca^ - 2.390 



The preceding experiments on the refractive 
powers of vegetable juices, exhibit a singular co- 
incidence of results. The refractive power of 
them all exceeds a little that of water ; and when 
the aqueOus parts are evaporated, the residuum, 
with a few exceptions, has nearly the same re- 
fractive density. 
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Method of Measuring the Refractive Powers of 

Solid Fragments. 

The preceding method of uleasuring I'efractive 
powers is appticaUi^ only to iSuid bodies, or to 
those substances which may be formed into a 
concave lens by heat, pressure, or evaporation* 
The vamous kinds of glass, however, and the nu« 

merous class of transparent minerals, are obvious- 

• 

ly excluded from this method of measurement. 
In order to determme the refractive power of 
these hard solids^ it is necessary to form them in* 
to a prism, having at least two surfaces accurate-^ 
ly plane and well polished ; to measure the angle 
of these. sqrfltces, and to calculate the refractive 
power of the prism from the observed deviation of 
a transmitted ray of light. The trouble and ex-^ 
pence of such & process have prevented it from 
being frequently employed ; and t^e small number 
of solids whose refractive powers have been ascer*- 
tained, is^ too satisfactory a proof of the difficult 
ties which attend.this mode of observation. Even 
in determining .the refractive power of dijSerent 
kinds of flint-glass for achromatic telescopes, the 
practical optician does not encounter the labour 
of forming them into prisms^ but resorts to the 

s 
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easy, though inaccurate, method of estimating the 
^idex of refraction from the specific gravity of 
the glassl 

A simple and accurate method, therefore, was 
still wanting for determiliing: the refractive power 
^f solid sut^tances ; and I was pecpliarly an3U<wi9 
iip discover some way in which thi& object coutd 
be attained^ without grinding cmt polii^iug «By 
part of the solid, mid even when its surface was 
so irregular^ either from fracture or from mtj 
other cause, that no olgect whatever oould be 
perceived through the specimen. 
, It occurred to me, that if a broken chip of any 
transpwent solid were immersed in a fluid of the 
fame, refractive power, the iBcident rays would 
soffa no refraction in passing from the .flmd into 
|he solid, or ftom the solid into Hie flnii ; and, 
consequently,, tiiat objects could be seen distiBCt^ 
)y through tlna bvoken chip, whatever was the m* 
fegitlarit7 CAthck oi its form or of its. sur£Etce. 
Though this reasoning appealed correct in tteo^ 
ryi I scarcely expected in.practke so singular are^ 
fult. In order t& make the experiment under tbe 
most unfavourable circumstances, I took a piece 
of crown glass, of a^ very irregular shape, and so 
broken in itp surface as to appear almost opatjasi 
and, upon plunging it in Canada balsam, I was 
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iarpiised to fii^d that it beciuaie lieady invisible 
hi tbe fluid, and tbst there was so i^all a refract 
iioii of the i^ys iM the oonfiDes of the soiid and 
tbe flttid, that I tmid i^teii read with facility 
ttroiigh M i%^ stq^ttHteial irre^iriarities. 

In this €aise, the crown glass and the Canada 
balsam bad nearly, the safive i^efractir^pbiter; anlA^ 
bf uicraBi^idf the c&tante of the object, say re^ 
ttainii^ yei&B^tiM al tdie confines of thersdid and 
the fluid was emity detectect By oaixitig^ therc^* 
ftnre, fluids of diffei^eat refraetive Jiowers, ii was 
easy to obtain a compound. trUidb had the saime r^ 
iVactive density iritli ihe sblld. Thefre Was still 
#antiiigr hotreter, some . enact indication of th^ 
precise . instant whlen^ aD refraction! was eJetiti-^ 
fttished at the eonffoes of the two media, as it i» 
only in this^ particiiliir state of things that the re«' 
fractive power of the fluid could be regarded as 
a measui^ of the refiracttve power of the soIidL 
In order to obtain l^is indication, I placed be^ 
tween the glasses a, 6, Plate X. Fig. 6. a portion 
of the fluid wh)ch came nearest to the solid in 
refractive density, and 1 measured the distance 
b n, at which an object at n was seen distinctly. 
A small chip of the solid was then interposed be- 
tween the lenses along with the fluid, so that the 
rays diverging, from n wwe transmitted through 
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the solid. If the distance b fk, at which :the object 
was seen with perfect distinctness, was now the 
same as before, it is obvious, that the solid and 
the fluid had exactly the ! same refractive power; 
but, if there was any difference betw^n these 
distances, the refractive power of th^ fluid was 
altered, till the object was seen distinctly at thtf 
distance bn, both when the refraction was miid€! 
through the solid alone^ and when it was made 
>through the solid and the fluid dMBabined. / Whett 
this happens, the distance bnis a measure of ther 
refractive power of both. 

The fluid which I found most convenient for 
this purpose, was a mixture of. oU of cassia, and 
oil of olives, by means of which I could determine 
the refractive powers of all solids from 5.077, the 
refractive power of ml of cassia, to 3 A 18, the re-^ 
fractive power of oilof olives. The fbUowing^ 
Table will shew pretty, nearly the variation of re«* 
fraction arising from the mixture of these two 
oils. 

Oil of cassia, the same as No. 7. See p. 253. 5.077 

Oil of cassia, the same as No. 13. - - 4.560 

Oil of cassia 1 part, oil of olives 1 part, - 3.693 

Ditto 1 part, ditto 2 parts, 3.443 

Ditto Ipart, ditto 4 parts, 3.283 

Ditto Ipart, ditto Apurts, '3.187 
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OH of cassia 1 part, oil of olives 13 parts» » ' 3.120 
;Oil of oUvfi^ .aloae, ** - ** . • 3.113 



iAs a iqpesinieB of this ihetbod of measuring^ refrac- 
;iire powers,! wished to have given, in the pre- 
iMiit Gkapter,^ a series of insults for th^ strfid sub- 
Iirtahces^ which I have submitted to . examination, 
imt as my experiments are not yet completed, I 
-mtfst reserve this Table for some future occasion. 
Before ^e leave this part of our subject, it may 
-be pifoper to notice oi^e application of the prece- 
-dingprlnciple, which promises to be of some prac- 
ftical importance. In ascertaining the soundness 
*iof valuable minerals, that have a rough and un- 
polished surface, the artist is guided by lio rules 
'^pon :wbi(^ be can rely ; and the less experienced 
-purchasers ^re stiil more unfit for such a deter- 
'minationl .* I have often seen i^dmens of topaz, 
Isold as sound, where the flaws and imperfections 
were concealed by the ru^edness of their sur- 
,face, and were not detected till they were wrought 
-by the }apidary.. In such cases, we have only to 
immerse the stone in Canada balsamj^ oil of sassa- 
-fras, or any other fluid of nearly the same refrac- 
tive density^ and turn it round with the hand, so 
I that the rays of light may pass through it in eve- 
iiyy iUreotioti, \ By ^his inews, .tii? slightest flaws. 
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or cracks, will be instantly pejreiv^d, in conse- 
quence of the changes which thej produce upon 
the transmitted light. If the stone had been 
-examined in water, the flaws would imvm beta 
more perceptible than: when it was viewed in me; 
and the distinctness with which %1^ n$ Men 
will increase, as the.refiractiye power oftfae fliad 
approaches to that of fthe solid; Hentft, ip the 
case of dianiond, jargon, spinelle ruby* and other 
precious stones, whose refiracttve deosity. exceeds 
-that of any fluid, their imperiections may be d(t- 
tected by inmieridng them in oil of ca^sja, or mu* 
riate of antimony, though a considerabjb degree 
of refraction will stip reikiain at the confines of 
the solid and the fluid. . 

The same principle furnisher us with a very 
simple method of distinguishing many of the pr^?* 
cious stones from artificial pastes, which haine 
sometimes been imposed upon the most skilful 
mineralogists. As th^ refractive powers of dia- 
mond, jargon, ruby, garnet, pyrope, sapphire, 
tourmaline, ruhellite, . pistaaite, axinitc, cinna- 
mon stone, chrysoberyl, and chrysolite, exceed 
that of oil of cassia, this fluid is particularly ap- 
plicable to this kind of observation. If any ob- 
ject is vieifired througfi two polished and inclined 
surfaces, of any substance supppsed to be one of 
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« 

these QOiinerals, wbe& plunged in oil of cassia» the 
substance wil) be merely a paste if the refraction 
is from the point to which the surfaces are incli- 
nedt and will be a real mineral if the refractito is 
made towards that point. 

The same method may be advantageously em- 
ployed bj the practical optician, for ascertaining 
the jsonndness and .purity ^f the glass whviih he 
manufactures into lenses and prisms* There isy 
perhaps, no kind of labour more frequently wast- 
ed, than that whidi is employed in ihe formation 
of lenses bbA prisms of flint-glass. No sooner are 
the surfaces poliihed, than innumerable flaws and 
veins make their appearance. Which the artist was 
before unable . to discover, and which completely 
distort the image that is f (Mined. A flint^^glass 
prism, indeed, witboM veins and imperfections^ 
is scarcely to be met with ; and the amateur, 
who has tried to amuse himself in grinding the 
ianses far achromatic telescopes^ must, for the 
same reason, have found it an impracticable , at« 
.tem|>t«> 

In the formation . of prisms for measuring the 
lefractive and dbperiive powers tfi bodies .that 
arc inoapaMe of receiving a good) polish, I have 
found the same principle oi. very essential advaor 
tage* By e^mentoig upon the two refracting 
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planes pieces of parallel glass, with a flaid of 
nearly the same refractive densitj, «ubirtatic%9 
like horn, tortoise shell, alum, rtek salt, and se- 
veral of the gums, may be tendered perfectly^ 
transparent. 

In obtaining the measures of dispersive power 
which are given in the following Chapter, it be-^ 
came neces^ry to have the index of refractiim 
lor every substance which was submitted to exa- 
mination. I was therefore obliged to institute a 
new set of experiments for this purpose ; and- in 
order to avoid, as much as possible, ereiy source 
of error that* might aifect the divisive powers, 
I measured the index of ref raetioli ' by means of 
the very same prisms in which the dispersion Was 
corrected. In the course of these inve'stigationsy 
I have been led to several results 'of a very unex- 
pected kind, and, in partieular, 4o the discovesy 
of substance which have a higher Titfractlm 
power than the diamc^d. This gem, eqnaify m^ 
markable by its chemical composition and iti 
physical properties, has, sinoe ' the t time of Sir 
Isaac Newton, who firsik n^eaBured its action 
vpon light, bedn placed at /the head of every ,ta> 
ble of refiractive powers; .and lit has never »even 
J^en conjectured, that there ? existed any other 
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8ubstaiM:e wbidi possessed this optical pl^opertjr 
in such, a hig^h degree. It will appear^ faoweyer^ 
fromctfae following Table, that Realgar, which ii; 
a compound of arsenic and sulphur» and Chromate 
of lead, or the red lead ore of Siberlay exceed the 
diaAkond in their action upon- light ; .the index:; of 
Kiifraetion for the latter being SJ^^ ; while that* of 
chromate of lead is 2,50, and^ thsit of ;raalg;ar 

Si&5.: '-:. • •• . '\ ^ .... : •: '' 

Although, the dc^bk reiractiott of chniniater^ 
Jisftd Is pot taksen; notice of b^ *Haiij, or any other 
xnineralogist^ yet I have- found iit to pbs3esa>this 
l>rfi|>erty . in such a remarkable; degree, a& tovbe 
Hloite than triple that of Iceland crystal. ; Whikf 
the refcaotivfe. .power of the; least jre£raption is 
S>^9 that of the gKatest refract!^ amoubtslA^ 
J?.d7 ; andi if Ve consfmte tl^e. disper^ivq pawier of 
jA)e : Jat(ter, it Iv^ill be fwind, that the refractii^« 
power* of the: blue rays is nearly equal to SJj ;:**^<t 
dresiilt so extfaordiniary, tfaat<I;felt it. necessary: to 
4^Qifirm it by various observations^made with dif>- 
/ere^t crystals of this mineral. * 

The three substances* therefor^ of Chromate 
K)f \&df Realgar, and Dtam^nd^. may be ranL- 
0d at the bead 9i those bodies .i^idi * exeroise 
a particular action upon lighlt*. The di^inond is 
distinguished by its extreme brilliancy, by its 



* 
I 
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propevtji of imbibifl^ light, aqd hj its Ugh is^ 
fnctive potrer^ • Realgar is remarkable for a stiQ 
greater refractive power, and for a power of dis«- 
perrion above lall other bodies but chromste of 
lead ; while chromate of lead possesses t^e gpreat* 
est refractive power, ' the greatest double refrac«> 
tioo, and -the> liiglitet dispersive power, of any sub* 
sta|kce that has hiUierlo been tried* 

Though many of the other substances coiW 
tainedr-in :the following Table have' never be- 
foi^itw^en examined, jet there is notliing si^ffu-- 
hi^cBP uaei(peited an the results. The precious 
stboesr' have, in general, a very high refractive 
flower; and the: effects of the differ^it metals in 
iflttidDg the refractive power of glass, may be ob^ 
Mtiaibd'fircim the results for tiie various khids <^ 
iartificia!: pastes* The influence of the fluoric; acid 
in jdiminishing the action of bodied upon light, 
may be deduced fixan the refoictive powers of 
AuoT sqpar and or^olite, whieb' ^ari' slower than 
thos^ of any other mineral, or solid body. The 
last of these substakoes, which contains more of 
ifae fluoric acid tham'the former, has its refrac- 
tive density as low as that of salt water ; and both 
these minerals stand at the bottom of the Table 
of Dispersive Powers. 
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Table cff Refractive Powers,. 

. . tndex, of Refiaetkni. 

Chromate pf lead, greateUt refraction, - • 2.974 
Pq . . do. do. - do. another kind, g.926 

ilej»lg«r» - • - " ^ ' ^^^ 
• Chrony»t»;pfl««l,l«Wfc refraction, ; ;.- 2.5Q3 

#. Do. . - do. do. .do. sjBOth^f.tipd, 8*79 

Piam«a4» b«>WB cciw^ed, . . - ' - ;^ " ^•*®'' 

Piamond, » »Uffte«irt owe, "- - '*• ^-^"^^ 
piamond, according to Sir Isaac Ne«rtW»» «.*39 
fhosBbofW, - - : . i- , .T «.224 

J^O. Glass of ftptimony, - - - ' ^'^^^ 
eulpbw, paelted. -' - - - • r, «.148 
gulphur, native, ^double refraction,) - , *.116 

1 r greatest fi«fm|:t' 2.064 

Carbonateof lead, I doubFe. j^,^ p^r^ion. 1.813 

1 ( great^ refrwrtioBj 8.016 

J"g°»' ]• '*°"'''*' \ least refraction, -. 1961 

1& Sulphate of lead, - - - "■ ' *-^^' 

Garpet^ • - - 

Plue s^>phire, r- - - - ^"^^ 

Pyrope, - - - " " " ^'"^^ 

Jargon (orange-coloured) - - ? , ■ l-^SS 

,U0. RubeUite, - - - - - -■■ ■ ^"^"^^ 

Spinelle ruby, - - - " " ^•'^^* 

Chryioberyl, - - - - ^ "^ ^"^^ 

Cinnamon. stone, - - - " ^ ^'^^^ 
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Index of Befractkni. 

Axinite, .-.--. 1.735 

26. Deep red-coloured glass, -, - - 1.729 

^ ., 1 ,_ ( greatest refraction, 1.703 

^P''*"-*^'r""'''*'l least refraction, - 1.661 

Boracit^, - - - - - - 1.701 

Carbonate of 1 f greatest refraction, 1.700 

Strontites, ) '1 least refraction, 1.543 

Orange-coloured glass, - - . 1.^5 

mCh^solite", I doublej r»*"* "'f"^' ' '^^ 

;J ~ ( ieasrt refraction, " 1.668 

Tourslaline, - ... . ' . > 1.668 

Calcareous^ _ ;. f greatest refraction, 1.665 
' , F double, ^ , ^ . * 

^ spar, 3 (least refraction^ - 1.519 

Sulphateof baiytes, double, greatest refraeti^, 1.664 

'^ ' Spargel stone, " . - - \., . . ' ... ' 1.6S7 

•35. Bed topaz, ' ^ . , - . , J.662 

-» ' GlasBf byacintk red, - . - - - 1.647 

* 'Sulphate of strontites, ^ \ ^^ . f ^.644 

• Oil of-ca^sia, - - ^ - - 1.641 
» Yellow topaz, - - - -. . .,• 1.638 
^40. Blue topaz from Aberdeenshire, |douUe re- 
fraction) - •- - ^ .V- 1.636 

Opal-coloured glass, ----- / . 1.635 

Balsam of Tolu, * - ^ - 1.628 

'•' Castor, • - - -- -r, -. ..-. '1.636 

> Muriate of ammonia, - - - - -^ 1.625 

^45' bluish 'topaz- from Cairngorm^ -^ «• . 1.624 

^uiaeum, • - - - - - - - ,; 1.619 
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CHAT. IC BEPRACTIVB POWERS. 2&3t 







Index of Refraction. 


• 

t 


* Flint glass, .. . . ^ 


^ ■• ^w ^^ 


L616 




Green-^^oloured glass. 


^ 


1.615 




Piirple-coloured. glass, ^ 


• • 


I;608 




, flint glass, another Jcind 


, . . -. '- 


L604 




Bed glass, supposed to Jiave been an orienta 


I , 


■ 


rubj. 


Mi . « •■ •» ' 


1.601 


: 


Oil of anise seeds, -' 


■■ M) <K 


1.601 




Beryl, . - - 


. V 


1.598 


• 


Balsam o£ Peru, 


*.- •- ' — 


L597 


55. 


. Flint glass, a third Jcind, 


1 - - - 


1;596 


• 


Gum ammoniac, . 


- . - 


1.592 


• 


Tortoise «hell. 


- . • -• 


1.591 




Emerald, - •? . 


- ^ - - • 


1.585 


.'< 


Balsam of styrax, . 


- - •• , 


1.584 


60. 


> Bottle {lass. 


- . 


: 1.582 




Tartaric acid, > double^ 


{ greatest refraction, 
( least refraction. 


, 1.575 
1.518 




Glass, pink-coloured. 


« 


1.570 




Horn, . - . - 


.- - - 


1.565 


» 


Bock crystal, (double) 


► 


1.562 


65. 


Amethyst, . - . - , 


• - - " 


1.562 




Gum mastic,. 


. 


1.560 




Burgundy pitch, - 


^ ■• M 


1.560 


» 


Bosin, 


- - • 


1.559 



* The refractive powers of the different kinds of flint-glass 
tried by Boscovich, were 1.590, 1.595^ 1.594, 1.60^, and 
1.625. 
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Index of Befiraction* 

Chio turpentine, . - . • 1.557 

90. Rock salt, * -- - ^ - t.557 

dugar, after being melted, - ^ 1,555 

€rum Thus, . . • * ^ 1,554 

Cbalcedoiljr, -< • ' • « «. L553 

75. Sulphate of 1 J greatest refraction, 1.552 

copper, ) ^ \ least refraction, 1.531 

Copal, . - - . - - 1.549^ 

Canada balsam*, ...» L549 

£lemi| ,. ^ ~ . . « L547 

Olibanum, - - - . « 1.544 

80. Fhosphoric acid, solid, ... 1.544 

Crown glass, . . . . « 1.544 

Crum juniper, - - - - - - 1.538 

Selenite, double, greatest refraction, •- 1.599 

Feldspar, .<•... 1.536 

M. Crown glass, a different kind, - - 1.534 

Caoutchouc, - . « . • 1.534 

Oil of sassafras, * . . . 1.532 
Glass, coloured, supposed to hare b^en cinn*^ 

mon stone, - - ... ^ . 1.59$ 

Balsam of capivi, - - -* • L528 

90. Leucite, ........ 1.527 

Plate glass, ..... 1^27 

Citric acid, ..... 1.527 

Shell lac, ... . . 1.525 

Gum myrrh, - - - - - 1.524 

95.. Gum Dragon, . , . - - 1,520 
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Index of Rerraction. 

Gum Arabic, - - . . ^ 1.512 

Sulphate o£ potash, - - .. * IM9 

Oil of-xsummin, - - • .. 1.508 

Stilbite> ;. 1.608 

100. Nut oil, . - ... . 1507 

. . Oil o£ Pimento, - - - - - 1.507 

Oil of sweet fennel seeds, ..... IJMQ 

Oil of Rhodium, - - - • 1.505 

Balsam of sulphur, - . .» ^ 1.497 

105« Sulphate of iron, double, greatest refraction, 1.494 

Oil of Angelica, - . . • . 1.493 

Oil of marjoram, - , • « 1.49f 

Oil of caraway seeds, - . - .^ 1.491 

Castor oil, - -^ , - . I.49O 

110. Obsidian, - . . . * . . 1.4S8 

Oil oLhyssop, - . - . * ^ 1.497 

Oil of feugreck,. ^ , . . 1.4S7 

Cajeputoil, - .... 1.48S 

Oil o£ almonds, . - . « 1.483 

115. Oil of ravine, k • . « . L482 

. Oil oC.penny royal, ..... 1,492 

Oil of lemon,. - . . . ^ 1.481: 

Oil of spearmint, . . . « 1.481 

Oil of thyme, I.477 

]^. Oil of dill seed, . .. . . . 1.477 

Oy, of turpentine, - . - . 1.475 

Bapeseedoil, I.475 

Bwn, \^ X - . . . 1,475 



SS8 ' TABLE, &c. aooTKir^ 

Index of Refractioiu 

Oil of juniper, - - - - 1.473 

125, Oil of brick, - - • - - 1.471 

Oil of Bergamot, - - - - 1.471 

Oil of olives, - - . . . 1.470 

Spermaceti oil, - - - • , L4t0 

Oil of rosemary, - - - • 1.469 

ISO. Oil of poppy, • - • • 1.463 

Oil of lavender, - - - . ' 1,467 

Oil of chamomyle, - • « « 1.457 

Oil of w4M:mwood, ^ ■ « < * • L4S3 

Hydrophospboric acid, - • * • 1.442 

1S5. Sulphuric acid, - - ^ ^ 1.44A 

Fluorspar, - - - - - 1.436 

Oilofrhue, 1.433 

Nitric acid, - - - - - 1.406 

Nitrous acid, - « . . . 1.396 

140^ Muriatic acid, 1.376 

Alcohol, - . . - - 1.374 

Oil of ambergrease, . - « » ' 1.368 

White of an egg, • * «: . 1.861 

Jelly fish, {Med^tsa aquoHa) « * 1.345 

145. Cryolite, 1.344 

Salt water, - - - - • 1.343 

Water, - - - - . 1.33fr 

*Ice, - .. - . • .^ . 1.307 

* During the melting of the ice, -the image which was for- 
meriy seen throu^ it with great distinctness, became quite in- 
visible till the ice was completely converted into water* 
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CHAP. in. 



Deseriplitm ^ an Inis tr uden t for Meiiwing the 
' DUpenine cmi R^axAwe Powers &f SbsHd mid 
• FbM Subi^nies; vM RerimrlM am Um imUiok* 
idUty 6f 0te coloured SpdUaee in d^ffvrent mediay 
wul d Table of the Dispersive Pomers efvarumt 
- Bodies. 



A ^A*tABLB prim, or a prism in w^ich the re^ 
ft^ting angle can be taried at the pleasure of the 
observer, has beM long regarded as one of the 
^fieaieM desiderata in the science of opties.* 
^ Both Clttiraut imd Boscovicfa, two of the moat 
distinguished writers on the subject of aehioma^ 
tie telekJifieli, have ' constructed and emf^kffed a 
prisinatlc instrument of <Ms'lnnd, for measuriiig 
refractive aikl di^iaive powers ; but none of 
tiiese cantritaaces possessed those requisites of 
dliiq[llicltjr and accuracy, which could alone recom^ 



* 4diMc tamen (says Boscovich) ei rimfUcim et vtiUm eH 
prUma habem angubtm variabilem ex vUro. Videtur, mne prim 
mo aspeOii mpouUnk efumoU prisma, saUem saiii idmevm. 
4fffsn^ toti.i p.4* 
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mend them to subsequent observers ; and we ac-* 
cordingly find, that one of the latest writers 
upon this branch of optics, has varied the refract^ 
ing angle of his prisms by the mere addition of 
prisms of a smaller size. 

The instrument employed by Glairaut, was no* 
tiuagnidre than a plaD<M.ylmdrical lens, in which 
different parts of the cylindrical surface formed 
different angles with the plane side of thfsi lws«. 
in transmitting a beam of light, however, through 
a round aperture on the curved superficies of this 
plano-circular prism, different portions of the 
beam fall upon it at differ^it angles • of inci- 
dence ; and hence arises a dispersion of the re« 
frfficted rays, which confuses the prisma^tic spec-* 
trum. In order to remedy this evil, P, Abat» an 
optician at Marseilles, suggested a very ^^gitnt 
construction, which, wUh some improvement3, wte i 

adopted by Boscovich* He joined togetibdr twQ 
of these piano-cylindrical lenses, one of whkh 
"was plano-conyex, and the other plaiio<<^Qn€a:ve» 
trhe coocave being placed upon the cenyex ^ur^ 
face^ and the one being proved upon the otib^l% 

the angle of the two plane surfaces was obviously 

. • . ' • . • • • • 

Viried. The disadvantages of this construction, 
qirise from the djfiiculty of polishing two surface$ 
so as to fit each other with accuracy ; from the 
reflections which take place at these surfaces ; 



i 
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from the injury done to the surfaces by their mu3 
'tual friction; and from the trouble of measuring 
the varying angle of the refracting planes. ^ 
' The instrument which we propose to substitute 
in the place of these contrivances, is completely 
free from all the objections which we have men- 
tioned. The principle of its construction is of 
the most, general nature, and is equally applica^*' 
ble to solid prisms, and to prisms consisting of a 
fluid included between two plates of glass^ 
'. When we view the sun through a prism, 'the 

image of that luminary is an elongated coloured 

t- 

spectrum, pointing in the direction of its len^h 
to the sun itself. If the, prism is turned round,- 
m a plane parallel to the plane which bisects /the^ 
Infracting angle, the coloured spectrum will like^ 
#ise turn round the real sun, keeping alwayd kC 
the satne distance from it, and preserving its co-' 
four and its elongated fotm. By this motion of 
lk>tationf therefore, the refractinjg angle of the^ 
^nsni IS not varied with respect to the sun, as 
Aie refraction and disperdon are precisely the 
^me in every part of its circular motion. Fronr 
viewing the subject in this manner, the particular 
c^ontrivance which we are to describe has escapedL 
^e notice !bf ^11 f^^cial writers ; and it aever once 
oecurred to theih| that the refracting angle of a 
pri&m may be actually varied, merely by giving it 



f 
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a rotatory motion in the plane Which Uwtt^ ftfaS 
refracting angle. * 

In order to ^explain this seenuhg paradox* let 
AO, BO, CO, DO, EO, «jc, Pl^e X, Fig. 9- be a 
number of black linee forming equal angkb, AOB^ 
BOC, iiQ, and let them be viewed hy a prism, 
having the common section of its refracting planes 
parallel to CG, or perpendicular to AE. Theii# 
since the refraction is made in the direction EA, 
I the line CG. will be more tinged with coloiir aft 

' its e^es than any of the otiher lines, the red 

and yellow colour being on the right, and the 
blue and violet on the left of the line. Tim 
Ijmes BF and DH will, be. tinged with leas cot 
lo9r, while the line AE witt appear perfectly 
distinct, without the least degree of colour at 
iis. e^^* If the prism is now turned rouhii 
in the plane which bisects the refracting angle* 

till the common section of the refracting planesi: 
is parallel to DH, and perpendicular toi BF» the 
refrai;tioii will be made in the direction BF ; th» 
line DH will be coloured in the «ame manner m^ 
CG was coloured before ; CG and AJS wiU have 

♦ The disp^ion of any prism may aW. be corrected with . 
another which produces less dispersion, by giving^ the latter an 
angular motion in a plane perpetidieular to the f^ne which hh^ 
sfictai the n^actii^ SDgk ; but thii method if attendi^c) with 
adyantagcs; which will pitsvent it from b«iDg put in practice 






^' 



the Mme eolour that BF hid formerly, whife BF 
will be completely unaffected trith c61om^ In like 
«mn«er, hf cnltoohs to tun. the prism in the 
Btahe plane, till the common section of its refSfact-*' 
ing surfaces is successively perpendicular to CJCSf 
a&d DH, the lines C6 and DH will be altogether 
free of any prismatic tinge. Hence it follows, 
that in giving a rotatory motion to a prism in the 
^ilane which bisects its refracting angle, there is al- 
ways one line in reference to which there is neither 
refraction nor colour, and that this line is perpen- 
dicular to another line in which the refraction and 
cdour are a maximum. While the prism, there- 
fore, performs one-fourth of a revolution, its re- 
flracting angle may be considered as having varied 
from O* to the real angle of its refracting sur- 
faces. Thus, in Plate X. Fig. 10. let ABCt)E 
be a prism, ABCD one of its refracting surfaces, 
ADE its refracting angle, and CD the commotl 
tection of its refracting planes. From any point 
O; draw O b parallel to CD, and 6 d perpendicu- 
lar to Oh. Then, it is obviohs, that in the direc- 
Ob, the refiracting angle of the prism may be 
cMisidered as O, while, in the direction O d, the 
relhieting angle is equdl to AD£ ; and in ety 
intermedi^e direction Oc?, the refracting angle 
will be eqiml ta Shk. &OckA0£; or Co^.cOd 
X A»B. 



f In, a^jing this piinciple, to tbe meiis|irf laip^ 
9f refractive and dispersire powers,, it i^ neces^fi^ 
Xy to liave a standard ^ prism of flint-glass, oi^ 
crown-glass, the refracting angle, and the refrac-^ ^ 
tive and dispersive powers of which have beein 
^curately determined. Another prism, eompp-^^ 
sed of two parallel planes of glass, hut with ^ 
much smaller refracting angle, must also be con-r 
structed for holding the* different fluids that ar&< 
to be subjected to examination. The second of 
these prisms must be fixed upon the ring OO, al^ 
^he end of the arm G of the goniometer, Plate I V;> 
^ig. 2. ox any other circular instrument with ai% 
open centre, so as to remain stedfast in that po-; 
$ition* , The standard prism must be fixed to th|^ 
ring *t the centre of the circle AB^ ne^er the . 
eye of the observer, and in such a manner 4:h|^t 
the two prisms may refract in opposition^ and 
that, the inde% £ may point to ^zero,. (the scale be^ 
ginning at, 90%) when the common section iof the 
refracting planes of jthe one isr parallel to the cgm^ 
n;ion section of the refracting planes of the other; 
][n tjbis situation, the greatest refracting angle of 
t^he one is exactly opposed to the greatest re^- 
fr^ctijD^ angle of the^ther. Let the common ^fcx 
^lon ,of the refrjp^ctii^ planes be jin a vertical Jiae^ 
^nd. let the _ observer view through the combined 
prisms, a well defined and straight verticdjine ^9> 



Ptote xr. Pig; I ; ^^pon a M^ht gtound; like thebav 
of a wiodow seen gainst th^ (^j. Since the re-« 
fraction of the standard pristn is supposed to te 
greater than that of the fixed prism, the refrdct-r ' ' 
fed image A'B' of the object AB will appeat se-^ 
parated from the object AB. Let the standard 
prism, therefore^ be turned round by means of the^ 
finger screw Q, tail the refracted image A'B\ 
ecdnes into the plosition ab^ and coincides exactljr 
with the object AB, and let the degrees and mi*: 
titutes pointed out by the mdex be carefully mark-" 
ed*. Then^ if A be the greatest angle of tfaei 
standard prism, and M the arch pointed^ oijt by^. 
the index, we shall have Sin, Mx A for the re«' 
fracting angle of the prism, when the direct and' 
refracted image's were (Coincident « Since thd're*^ 
firacting angle, therefore, of both prisms, and thkt 
refractive power of the standard prism, are known;- 
the refractive p6wer of the siibstance included inl 
the fixed prism may easily beToundf from the for*' 
mlilae to be ^ven in this Chapter. ' ' r 

r If the sides of the rectilineal object AB are^ 
i&MDCipIetely free from colour when the coincidence* 
takes place, then the standard prism has the samet 
diqieil^e- poWer* as the substance in the fixed ^ 
prism, provided ' their refractive power be the* 
saole ; for, at the . sanie ilngle of* refraction,' the 
dispersion of the fixed prism is exactly corrected 
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^ tlMt of the ttiifidaid p^itti. If tlw sides of the 
object^ however^ ai€ tifiged wHln eokmv^ tiiiti wanA 
ike standard prism In the same diredioa as before^ 
and if the colour increases, the diiqpemve power 
of the filled prism exceeds that of the standard 
one ; if, on the contrary, the colour diminidbiei^ 
the dispersive power of the standard prism ex- 
ceeds that of the fixed one. In order to find the 
real dispersive power of the fixed pr^n, turn tite 
standard prism till the vertical line is complot^y 
iree fii^m colour, and let m be the angle pointei 
Ottt by th^ index. The refracting angle of th# 
standard prism, which corrects the colour of tto 
fixed prism, will then be Sin. mX A, from whieb 
tlie idiqpersive powCT of th0 substance contabMMl 
in the fixed prism naay be readily deduced. la 
tiiese experiments, the fixed prism must be plaoei^ 
in such a position with respect to the object AB^ 
that a Kne joining the object and the prism may^^ 
be perpendicular to the first refracting smiaoe, 
which may be easily efibeted by the most simple 
omtrivances* By this means, the incident luys 
wiii sofier no refraction at the first sur&ce, afid 
the ibimula^ for finding the lefractive and 4i^r^' 
sive powers of the fixed prism, will be much 1^^ 
complifiated thfm.ifihe rrfraction at the first swu 
face bad been introd«<»id« The £iAl wing fiN'muka^ 



..»• 



which are very simple^ are nearly the same with 
those which were giveii by Boscovich. 



F^yn^uk^ fct fnding the B^fractive and JJHfpersm^ 
Powers ofth^ Fixfd Priam^ 

Angle of the fixed prism .. • « • • . • A 
Angle of the variaUe prism» <or Sin. M X A', A' 
being* the refracting angle df th^ variable 
prism,) by which the refraction of the fixed 

prism is corrected a 

Angle of the/rariable prism {or Sin. mxA') 
which corrects the dispersion of the fixed 

prism ••••«' 

Index of refraction of the fixed pri^m « • • R 
Index of refraction of the variable prism • • r 
The portion of the mean refraction to which 
the dispersion is equal . • . • • dlBi^dr 

The dispersive power of the fixed prism D= jc— r- 

Then for the refractive power we shall have 

Sjn.ii::i- Slips. 

The sine of a-^« being fimmd from Uiis ftmnukii 
the siflie of x may be easily fokmd* We shdl then 
have 
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R= 



Sin-A • 



it 



When the prisms do not differ much from each 

other in refractire power, such as prisms made of 

• t -. .... 

different kinds of glass, the following more simple 
formuIsB may be used. Thus make 

r - ii=«— :A; a|id^=j)— .y, then 

R=T + r Sin. 5 Cot. A. 
In order to find the dispersive power of the fixed 
prism, we have 

« r « • V •* '«% * 

. Sin. J?' = - >< Sin. A; 

4|id when 9i is thus found, we have w 

♦ *••♦»••-» ^ jj 

' ^~TXTang.«— yxCot./+l, 

R 



dR= (fr X — X Tang. *— a?' X Cot. a?' + 1 , and 



R 



' <^r X— X Tang. «— .j:' X Cot a/ 4. 1 

D= T 

R~l 

R lieing the index of refraction for the mean re- 
frangible rays, dRis a part of the whole refrac- 
tion, and is always equal to the difference be- 
tv'^teQ the index df refraction: for the first red* 
ray, and the. iiiideX <?f refractiari for the last vio- : 
let ray» c 



CHAP. HI. ': PI^PjBJtSIVEl f OWEBSr. if «99 

.; Ii^ measuring the dijspemve powers of ^^ei^nl 
jainds of flint or crown glass, by naeans of a stan^ 
4ard prism of; the same glass, or in e^ery ease 
where R is nearly equal to r, we have a?'= A ; and 
therefor^ the formula may be greatly simplified^ 

« 

^nd will then become : : : . ^ *i 

DJr X Tang. fl—A X Cot. A + 1 

: If it should happen, that thef fixed prism con« 
pined a substance of such a high refractive ' or 
dispersive power, that the greatest angle of the 
l^ltandard prism was incapable of correcting its re^* 
fraction and dispersion^ the standard prism may 
^hen be fixed ia the jdace of the other, while ih^ 
jrther prism lias its refractmg angle reduced by a 
•rotatory motion, tiU H corrects the refraction and 
dispersion of the standard prisnu 

As the maximum angle of both the prisms may 
be determined with the utmost accuracy, and as 
the scale* for measuring the variation of th6 re-» 
/racting angle; of the standard pri^m is sujSicieet^ 
ly large to ascertain the most minute chat|g^» 
the accuracy of the results must depend princi- 

r '•■••• • " * • ' ' • '■.■..■' '.;x 

c J* The joQ^mtude of the scald evidently increases' b& the 
j TMOripi M iu ao^e jof the pnjsiu. diminishes. • If 'the maxiflram 
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pattjr Upon the precimm with which the eoittci* 
dence of the images, a&d the complete correctioii 
of colour, are observed. . In order to ioerease the 
hccuracy of these observatioiis, the goniometer 
contaitiiiig the two prisms might be placed before 
the object-glass of a smali telescc^e, tfarou^ 
which the observer must examine the object AB^ 
and its fringes of colonr. By this means tiie 
fringes will be greatly magnified, and the posi- 
tion of the standard prism when the reiVacted 
iokBge ci AB is perfectly aehramatie, will afford 
a measure of the angle to which it has been i^ 
duced. If there should be any incorrected colour 
in the telescope itself, it may be e«uiy distill* 
gnished frcnn the colour produced by the pmtmt 
but as the aperture of the object-glass ittust be 
liece«(arily very small, and as the magnifying 
power does not require to be great, this incorrect- 
ly colour can oever be of any consequence. 

Dr Blair, in his ingenious paper on the Une*- 
qml MefrangUniity of Ligkf, has maintained, a& 
ter Clairaut and Boscovich, that the proportion 
of the coloured spMes raries with the diffe- 



ang^e is 20^, we have an arch of 90^ as a scale to measure the 
' variation of the lefinKliiig angle from O* ta fiO^ rwfacr«MB^^ 
wuudmma angle is only 6^, we ha^c ^ «rcb of 90^ i» 
the variation from 0^ to 5<^« 



irent mb0lMioie» tbut aife es^tloyed^ Mid th^'^ire 
m cimpfole 4eajrreetl<Hi of eol^r cawiot tie effoci- 
edby two media, of itiff^eat . di»p«Esi¥d powecs. 
Tfaf3 sinfulw fact has been cosArohrerted by 
Dp Wo&mltm^ ^h^ founds m all tbe inb^tances 
wbieh ht tried* that the colottt«d spaces had 
the some ptpporikm to each other, m iimiiar pa- 
ffitiotis df the pnani. * Dr Blair* we home rea<> 

■ ■ ■ . > f 

* When BofcQvich observe^y after Qairaul^ die ^tionalitjr 
of the coloured spaces in the prismatic spectrum formed by diSe- 
rent substanoes> he was very unwilling to acquiesce in sudi a dri« 
finl^r miidty iriifanit iks rac^ isitbfti^^ Suqiecting 

that there w^ some source of error in his eKperiments> he re- 
peated them with the greatest caution^ and calculated the magni« 
tude of the errors whidi might arise from the particular circum« 
AaiiM of the ci^fVBtfli^ He alt Unt adailaed the iiratioaa^. 
lily of die coloured, spaces aa a &ct demonstrated by incontro^ 
vertible CKperiments^ and has shewn how three of the colour:^ 
m the spectrum may be corrected in achromalac telescopes. THi 
Bttam opinion was fuimiUiai, upon tba^vidtnta of cxptriment, 
by oiir celebrated countryman^ the late Dr John Robison. To 
those; however, who may think that Dr WoUaston's opinion 
is ftmnded oh more cbreet evidehee, we propose the ifollowihg 
eB{)eHni^t as dbtisive of the question. Tale a prism of ofl 
of cassia, and another of crown glass, and vaiy the angle of the 
bne which produces the greatest degree of colour, till the trans* 
nittied l^htjs as adiroihatie as possibfe* In tUs pomtkm, ilie 
qaantity of uncorftqcted colour iaao yejy greats dial it cannot bt 
ascribed to any other cause than to an inequality in the corre« 
sponding spaces of the spectra formed by the crown glass and 
Ihe an 6f eas^ See Book V. Chap. I. where this snt^eet wiS 
be treated at eoneiderable tengdl. 
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'ssm to kmw, BJSXfiAbed tiie resAltir ^^obtaiif ed ^b]f 
>Dr WoUaston to his not taavihg used lenses, kk 
.which the uiux>rrected colour, bjr being greats^ 
Ij mi^n^d^ is rendered more apparent th^ 
.whim prisms alone w*e used ; but itf the course ot^ 
say e%pexkaent^ upon dispersive power^ I' Have 
-olfsenrisd the. uncorrected ^cobmr^ in .the form of 
^gxieecraad wine-coloured fringe^ eye» with priest 
and I have perceived them in many substances 
which were not exaniined either by Boscbvich or 
Dj Bhix. When the dispersive power, therefore^ 
of «u})stanees in whidi this irrationaliky< exkts, i$ 
measured by the preceding method, the appear^ 
;«nca of te gton «.d wme^o»«d fri^ wilj 
mark the position of the standard iprlsm^ * whieAi 
i:rorrects the dispersion of the Substance under est- 
amination* 

. The subject of dispersive powrars has, till withr 
in these few years, been investigated merely foi* 
the purpose of dis(;overing achromatic ^oombinaT 
tidns for the improvement of the telescope. The 
dispersions of two or three different kinds of glass, 
jand of a few fluids, were numerically ascertain^ 
ed ; but ho attempt was made to consider the sub-^ 
ject in a general manner, or to investigate it as a 
9epar3.te l»*anch of sciencies exhibiting the tnost 
i:iirious results, and unfolding new properties of 



I 
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-tmnaparadt todies. Dr WoUastoo had ihe hiM 
idour of beginoiing^rtfais in^ortaBt kmpmfz bM 
be deterinhied .the order of ^ pc raive powfris for 
fl3:»ih8taneQi^;^irithilHit» liowev^r, giving any nu*^ 
-merioil estipnte of their magnitude. By meand 
«f ^thedhstniment which has been briefly d^crib^ 
idA, I have ascertained^ in numbers, the dispie^'siv^ 
4H>wer6 ^ -more .tihan a hundred transpazei^ sub»^ 
stances, : the greater part of which ' were nevto 
4)efiDre eKamined; and I have ditained many x^^ 
2Sults of a most unexpedted andjsingulav kind* 
3ut before I piaoeeed to exfdam these insults, it 
.-will be neeeuary to give a more particular account 
4>{ the method by which. they were obtained^ . ji 
The instrument which was employed in^tUese 
eKperunento, is: rejuresented in seeden in Fi^ 2. 
of Plate XL The circular head AB, fflmilart^ 
that whioh appears in Fig^ I, Plate VI^ is (tind^ 
led inta 860 degrees ; and has a tubular shoulder* 
A ^9 which moves upon the tube dd'dd'. Upon 
jthd tube dd\dc[ is fixed another sn^U tube, that 
.eaities the aitm d o« on the circumfeiseno^ of. which 
is the.veifnier scale for subdividing the deg!te£l 
.on the drcular head. The extrffllity dd of the 
tube d d, dd' is fixed into the stand CD, and 
upon its other extremity d'd', which ta*mlfiifrtes 
in a ring, is fixed the^ prism iti, whose dispmiv^ 
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pcrircr 18 r€qmnd. The standstd ptim ii» 1h^ 
iFliig such a reflnacting mgie to to ]nrddiide agimfr- 
cr (Uspenkm than duti of m» is £Hrt;ttied to ii tubft 
/gV ahewn sepuatety in Fjg. 84 niiicli BGictwfe ttpMi 
ihe oiiteir surfkae of. the shoulder « e^ It it obvi' 
oliSy from the preeediiig descriptim^ that ithte 
ihe cixGUIar head AB is turned mmd, the tiftie 
/g; with th0 standard prism n, will he carried 
BkNig with it» while: the vernier c and the other 
{vism «i rcnudn d;atiMaiy ; and if the inner iur.- 
laees of the two prisms were )parallel to ^aeh 
litber^ and perpendicakir to the axis of mbtiott, 
in anj given position of the circular head^ this 
paraUdinn will be pres^ved i^ every other p^ 
atttdU. 

. A iorizantal bat, AB* Fif^ 4. abAut three or 
Ibor imftes birpid» and having its sides f^rfec^- 
^Iraight and pteaUel, is streicfaed acroiis the Wib- 
4oW, so as to be exactly perpendicuk^ to apiairib 
line CD suspended from the top of the window. 
The instrument is then placed at m ooartehiMt 
distance from the bar, and in audi a pesitioi^ 
that i Une joining the eye of the oteervet at 
O^ F%:ft and tfad centre of the bar at £, F%^«. 

. * if AB W^ s nectmignlar luminous space, placed on a 
4srl^ ground^ it voidd answer tbo puipose oqoally welL' . 
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may be perpendicular to the anterior surface of 
the prism w, and to the bar AB. ;Wh6n this ad- 
justment is made/ the whole of- the instrument is 
turned round in the tube which forms the top of 
the stand, till the common section of the refrac- 
ting surfaces of the prism m is perpendicular to 
CD *^ and it is fixed in this position by the screw 
at s. If the bar. AB be now viewed through the 
prism tn^: the lower side of it will be bordered 
with red and yellow, and the upper, side with 
blue and violet ; but after the tube fg^ with the 
standard prism », is screwed upon the shoulder 
e efy so as to refract in opposition to w, with the 
common section of Its planes turned upwards, 
and perpendicular to CD, the red and yellow 
fringes will appear on the upper side of AB, while 
the blue and violet fringes occupy its lower side, 
on accdunt of the superior dispersion prodpced by 
the standard prism. In order to diminish the re- 
fracting angle of the prism w, turn round the cir- 
cular head AB towards the right hand, *he eye 
continuing to observe the image of the bar AB 
Fig. 4. and the coloured fringes will gradually di- 
minish. As soon as the fringes vanish, and the 

* This adjustment may be easfly made, by observing when 
the image of CD, seen hrough the prism, is coincident with 
CD, when seen du-ectly by the other half of the pupil. 
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bars appear compleftely free from colemr, Aait: 
the degree and mmttteaf the. circular h^ad N?hkill 
is indicated by the vernier. Tu«ti <lie dtfeob^ 
head towards the left hand, till the fringes again 
"disappear, and mark the degree and minute poiM;>- 
)ed out by the index. Then if ip be the axdk cotn- 
prehended between these two pdsitiotis, and B 
the angle of the standard pristn n, the refracting 
angle », to which this p^ism lias been reduced in 
order to correct the dispersion of the pristn «, 
will be obtained from the following formula, viz:. 

« = Cos. JxB.* 

Thus if the pirism m has an angle ^f 24^ S9> and 
contain^ water^ and if n is a prism of flint glasi^, 
we sfaairhave ^ ^ 156'' when B is equal to ^l"* 1 1\ 
and consequently * = Cos. IS"" x 41** 11' = «^ 8*', 
'ihat is, a prism of flint glass ^f 8"* 34' conrects 
tibe diq[>ersion of a prism of water of 24"" 38'. 
Hence, if the refractive power of water is known, 
and aliso the refractive and dispersive poweiB of 
'flint glass, the dispei^sive rpower of water may he 
easily determined from the formula in rpage 299. 
As aniexaihple of this cahsulatira^ we shadl tidiict 

* In 6rder to save the titmble of dividing die wcth by 2^ 
the divisions on the limb might be numbei«d only to ISO in* 
stead of S60^. 



the case c^ iv;aier ^nd flp$ gl^^, wbltrh has been 

Angle of tlie ipr^m of watei^ *• ,24* 89' = A 

Angle of the prism of flint glass 4fV IV=^1R 

Reduced angle of the prism Df 
flint glass, wjbicb corrects the 
dispersion of the prism of water 8** 34' = « 

Refractive power of the prism of 

flint glass - - -' 1.616 =r 

Refractive powar of water - 1 .336 =: R 

The portion of the mean refrac- 
tion of flint glass to which the 
dispeisijQiii is ^ual - r- O.0j320e= dr 
R= 1.336 . LQg.,0-125806 
" r =1.616 . Log. 0.208441 



R 



9.91756^ 
Sin. As: 24° 89* 9^620219 



r 

e 



..■■•^^^.-•'ii 



V ^B. jC s2<f l(y 9.537578 

.11 II ml ' I 

Of = 20^ 10' 



'^- — «* 1 r-«^ 
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C6ttogeht of i' ia4SS017 
Tangent of -i-y 9i812327 . 



— 0.5589 


9.747844 


+ 1. 


% 


.Ml I 


9.644587 

• • 


X — 

r 


9.917365 


ydr 


8.505150 


dR =0.0117 


8.067052 


R—1 =.836 


9.6268S9 


^^= 0.0847 


8.540718 



Hence it appears, that the dispersive power of 
water is O.OS47. * 

When a fluid is included in the prism m, it 
must necessarily be confined between two plates 
of glass, and therefore there are no fewer than six 
refractions before the incident rays reach the eye 
of the observer. The indistinctness and loss of 
light which is, to a certain extent, occasioned by 
the refractions and reflections that take place at 

* Another observ^on upon water, with a different prism of 

rfR 

flint glass, makes dR =: 0.0119, and.^—--= 0.0552. 
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these different surfaces, may in a great ineasu)*e be 
removed by the contrivance represented in Fig. 5. 
Plate XL where AB is the circular head, m the 
fixed prisxp^ and 7t o a piece of parallel glass, of a 
rectangular form, which is moveable round r iti a 
ffame at the extremity of the bent arm rst. The 
lengths rn, ro are unequal; sa that when the 
piece of glass h turned round to make the ^nd o 
fall upon the prism m^ it may form a different imgle 
with the surface. The fluid is in some cases pre- 
served between the prism m, and the plate of glass 
no, by capillary attraction, and it keeps its position- 
even when the arm rsU ^nd the piece of glass 
n o, are moved round along with the circular head 
AB. By this means we get rid of two refirac* 
tions, and of any small error that might arise 
from a want of paralleli3m between the interior 
surfaces of the prism. There are some inconve- 
niences, however, in this contrivance, which have 
prevented me from making frequent use of it. 

By these methods, the dispersive powers of all the 
substances contained in the following Table, have 
been carefully measured and computed. The 

d R 

first column contains the values of 5— 1> which is 

! the natural measure of the dispersive power ; and 
the second column contains the values of d R, or 
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thd;. {Nurt Qf tke wli/9le* reftactiov to whkd^' tke dii^ - 
persidH k eqpial^ 

The diffiefeni dispersive powers eomprtlieiideii 
iA Ike Tshle, vtof from (KQSS, the dn^rsi^^ piMreir 
of e^lite> to 0.400^ the ^titnftted dispersive pewes. 
of the greater refraction of ehsooMte c^lead i^^^-em 
iBt^val of suzprisifig magmtude, aad particular]^ 
Interesting, when^ wie recoHeet that both Newtoi^ 
ai^ Euler eonsidered M trosspareni boiyesr og 
possessing the samie pd^cfr^ df disperM>i|. 

The siriistaiices at the head of the Table» ber 
tween the dispersire^ powers .of O^OieS $saA a^OO^ 
have never before been the subj|i^ of expermentsr 
fOid: present us with resulis of unexpeeted magiUT 
tttde* ChreHftate of lead» realgar^ &Ad phosphor* 
riis» which are iaeluded witfej« these Imiits^ niig^» 
froia their cfaemiad profteifties^ be supposed tir 
possess a great degree 6f dispersion ; but the oil 
of ca[ssia> which i^eeeds even phos{rfionis in di^ 
persive power^ aad stends' far above eyery aain^l 
ov vej^etablj^ product^ e%eti» a most smrprising 
poweir hi sepaiMiiig lAke eMaeeme rays> add iHt 
dieses the existence of seme ingreditttt' which 
chemical aiiatysis^has not been able to detect. 

In comparing the refractive and dispersive 
powfef s of transpdirisint btfdSeS-, it fe diffictrft t* df^ 



. eKmF nny^gm^Tdlkpxmeaifk, ^pon which tlM»e pt Ot 
perties depend. 

j^i)u:.9iidr pboiiphQriis* and m the imetiiiiliis; sa^^ % 
Ug^ r«fi»ctiKe dennitjr is a<;eoi{ip9iiied with^ % 
l^gli. pow^r of diiparsipA. 
. if^. ihp psedciiis i^i|^» on the cqntr^gpy, a.gre94 
xiffi^Bfi^tmi poiw^, jEafiCfj^ing that of flint glassi ui 
4ljl^»fif^ w«^ II di^^rsive powei; ^m^x^ii>y. vmh 

'S'he dispemTe poweri^ <tf the resipa^ gums, oihii 
«|ck.hftMi^f i^oa^js 6»:ead th^t oC water^, and 
4{p^lQl|KMi4 in ^om^ meawTe with their poweiri 
iif. ^effaction^ 

. The difler^t Jm^ of giasG^cokwred with viN&tal^ 
iM^iie. a i^h«r di»pemv6 a» well a^ a high^ te^ 
filictbe power than fUM glaasn 

The iradatlc, tbiet nitriic;, adRd thie nitrons apidsjt 
hare dtspnisive powara consider^lj above ^ater a 
while the 8iilpl»iri(v tiie pbosphoric^ the dtrio^ 
4ild the tmrtacicacidst which sorpasa the focner in 
p%&»intye dea^ity, possess veiy iafertoir powers cf 
diqef8ton« 

£lpaQt spar and ci^i;alite» the onljr min^rab jn 
which fluoric acid is a principal ingredient, have 
the iQwest dispersive powers of all bodies, and 
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the lowest' refractive powers of all solid mb-^ 
stances.* .... 

* The most singular result, -however^ w&tcfa^ is 
contained in the following Table, relates to ' thb" 
dispersive powers of doubly refracting subsfonces. 
The first experiment which I made lipon these ^ 
crystals, was to determine the disper^ve powar 
of Icieland spar, and from a cause merely^acciden- 
tal, I corrected the colour of the least ^e&^i(Hi. 
The result thus obtained was 0.026, cotiSidei^aUy' 
below water, which stands at O.035 of the scale ; 
and upon comparing it with the plait^e assigned to- 
Iceland crystal by Dr Wollaston, I was suiprised" 
to find that he placed its dispersive power very 
considerably abovie water, and even above dia- 
mond. This unexpected difference bet:vireen the 
• two measures, induced me to repeat the experi* 
ments, not only with other prisms of the Icdiand 
spar, but aliso with other standard prisms^ of flint 
aiid crown glass, . Th^se new results served only 
to confirm the aqcuracy of the first exfferiment^- 
and to strengthen my susfttcion that . Dr 4Wollas-* 

« 

ton had committed some mistake. Asrthis rea^ 
sonihg, however, was founded dn the ^sumption 

I 
I 

♦ The topaas, which contains from .17 to ^0 parts of fluoric 
acid^ has a dispersive power nearly as low as nuor spar ; but, 
like the other precious stones, it has a ^eat power of refitiption^ 
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which both Dr^Wollaston and 1 had- made^l that 
the sparhad only one- dispersiye power, I resolved 
to iheasiire^ the dispersive power of the extraor- 
dinary refiraetion* This new value' having turn- 
ed out to .be greater than that of watef^ I imme- 
diately ^w that Dr WoUastcm had ih^sured.the 
colour of; the greatest 7 refraction, while ^I 'had 
toetoured:t&6 colour; of: I the least ; and that this^ 
remarkaUe inii&eral, which had so long perplexed 
philosophers by its double j refraction, possessed 
the no less extraordinary and inexplicable pro* 
p«rty/of two dispersive powjers.' In subjectiug to 
examinatioh other crystals . that afforded: double 
Images, such as carbonate of .strbntites,' carbonate 
of lead, ^nd chromat^ of lead, I foUnd that. every 
«p».te ^fraction posK^ed a «^te>pe™« 
power. This general law, though: not repugnant 
to any. optical phenomena, is , still of such a na- 
ture, that it could not have been inferred.^ priori 
from any relation which is known to subsist be- 
tween the refractive and dispersive powers. No 
person, indeed, has even conjectured^ that a 
flouble dispersive should accompany a double re- 
fractive power;* and if we were to reason in this 

' * In a Table of refracting powers/ published by Mr Cavallo 

in his Elemehfe of Natural Philosophy^ he has added, from 

different authors, a liumerical' estimate of th^ dispersion, or di8« 

'aipation, as he calls it, of a very few substances, and for etuJi 
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ease fitm an aosalbgy fimnded on eocperioMstft^ m» 
analogy, too^ whick^ k by no means remote^ w« 
slioald ceiiainly conclude^ contrary to theiact^ 
Ibat the greatest refrsctwe power woni^ be ac-» 
eompanied with, the least power of dispessaon^ 
In afl the minerals: m which a netali is the jssku 
eipal ingredient^ those wMch have the greats^ 
est reficactiro density^ harre aboi the gieaArak 
ftcnltj of pradisciag colonr ; while in ail tfae^pm^ 
ctous atones a h%h.reftaeii^ power is afctettdad 
with a lo^ power of dispecsion. This, rwimkaide 
pf operty of a double dii^rsiim^ ^ierefcfse^ is cimv 
traiy to the geneeal residts indkatted by ^expeii^ 
ment; 4Rid though it aj^eaars to exchsde some of 
the theories by which a douUe refba^iMi has 

those numerovs difficulties with which philosqdif 
has yet to struggle, before she can reduce to a 
latisfaetCHy generatisatioo the anomalous andca* 
prlcions phenomena^ which light exhibits in its 
passage throngh transparent bodi^ 

refraction of the Iceland spar^ he has given 9 separate^ measure 
of its dispersion. These, however, are not measm es of its two 
duperaivd fomeis, as wHl be peffeotfyobvicms b3{m9p8ctit^ 
the Table, but merely of the quantity of colour produced by 
each refraction, which is of course proportioned to tbe refimc* 
tioos the|b5elves;-*4n the same manner as two prisms of 6i^t 
gjasss with different anglesi huve two disp&rsjiomi thqM^ th 
ifsjiersipe pm^ q£ both is ibfi df^t^ 
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^able iff &e Dispersive Powers of mrkm ' 

Subsicmces.^ 

iHspersiTQ Partofthtwkole 
power or refraction to 

values of which the dis* 

SJam^of thesuhatancea- dlR persion is equal, 

]^..X prvalueaofdB* 

f 0hvomate of lead (greatest refraction) 

at ... . 0.400 0.7T0 



ChrcMDate of lefp4 (jgreatest r^racUon) 



mu0t exoeed • » •, • 


0396 


0.570 


Realgar, a differeat kind, melted . 


0,267 


0.394 


IGhromate of lead (least refraction) 


0.26? 


0.388 


Realgar, melted . • 


0.255 


0.374 


Oil of cassia . . • • • 


0.139 


0.089 


'*SuIphur after (usion 


0.130 


0.149 


Phoq[)hon» 


0.128 


p.156 


*BalMmofTplu . . "• 


0.103 


0.065 



* The substaiices in the Table marked wtth sn asterisk^ nre 
tliese which) Dr Wollaston has esounihed in determining th0 
i^der «f their dispersive powers. 

^ t This estimated value of the dispersive power of the second 
refraction of chromate of lead^ is founded on £he foUowing oh* 
servation. A prism of oil of cassia, whose refracting angle is 
^^ $iy, does net nearly correct the dispeiBiMi of the greatest 
lefitaction of a prism of chromate of lead, whose refracting angle 
is 9^ l6'. The uncorrected colour is not much inferior to the 
^hole colour produced by the least refraction. 

X This value is obtained from the following observation : 
A ptism of <»n of cassia^ with a refracting angle of 99^ \5\ 
potiM^ the dispersion of the least refraction of a priflp^ ^ 
ilmffmi^ of Ifa^ having pr refracting angle of 9^ l&k 
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balsam of Peru 
Carbonate of lead (gr< 
Barbadoes aloes ; 
Oil of anise seeds 
-Balsam of stjrax 
^Guiacum 

Carbonate of lead, (least 
Oil of cummin 
Gum Ammoniac 
Oil of Barbadoes tar 
Oil of cloves 
Green coloured glass ' 
Sulphate of lead . ' 
Deep red glas^ 
*Oil of sassafras . 
Opal coloured glass 
Il5sin 

Oil of sweet fennel seeds 
Oil of spearmint 
Orange coloured glass 
Rock salt 
Caoutchouc 
Oil of Pimento 
t Flint. glass 
Deep purple gRtes 
Oil of angelica 
Oil of thyme 
Oil of feug^reck 
Oil, of wormwood 
OH of pennyroyal 
Oil of caraway seeds 
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0.093 


0.05S 


test refraction) +0.091 


+0.091 


. . , 0.085 


o:o58 


. . . 0.077 


0.044 


0.067 


0.039 


0.066 


0.041 


st refractioa} - 0,066 


0.056 


. 0.065 


0033 


0.063 


0.037 


: : 0.062 


0.032 


. ' . . 0.062 


0.033 


. • . • 0.061 


0.037 


. . 0.060 


0^066 


, . Q.060 


0.04t 


. . . 0.060 


0.032 


. • . • . 0.060 


0.038 


. . 0.057 


0.032 


Is . . ' 0.055 


0.028 


0.054 


0.026 


. . 0.053 


0.042 


. • . . 0.053 


0.029 


. , . 0.052 


0,028' 


. ' . . 0.052 


0.026 


. 0.052 


0.032 


. 0.051 


0.031 


0,051 


0.025 


0.050 


0.024 


. , . 0,050 


0.024 


. . . 0.049 


0.02$. 


. ; . 0.049 


0.024 


0.049 


0.024 
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Oil of dill seeds 


. - , 0.049 


0.02S 


Oil of bergamot . , 


. . . . . 0.049 


0.023 


fPlint glass > . . 


. ^ . .. 0.048 


0.039 


♦Cbio turpentine 


. . 0.048 


0.028 


Gum thus . . 


. . 0.048 


0.028 


Oil of lemon 


0.048 


0.023 


Flint glass > . . 


0.048 


0.028 


Oil. of juniper 


0.047 




a028 


.Oil of chamomile 


0.046 


0.021 


Gum juniper ^ 


. . 0.046 


0.025 


Carbonate' of strontites 


(greatest refrac- . 


' 


tion) 


. 0.046 


0,032 


Oil of brick 


. . . 0.046 


0.021 


Nitric acid - . 


. . 0.045 


0.019 


Oil of lavender 

4 


. . . . 0.045 


0.021 


' Balsam of sulphur . 


. . . . . 0.045 


.0.023 


Tortoise shell ^ 


. . . 0.046 


0.027 


Horn r ', . • . 


0.045 


0.025 


^Canada balsam 


. . . . 0.045 


•0.^4 


: Oil of marjoram 


0.045 


0.022 


,Gum olibanum 


0.045, 


0.0^ 


JNfitrous acid » 


. , . . 0.044 


0.016 


Cajeput oil , 


. . 0.044 


0.021 


Oil of hyssop 


.. . . 0,044 


0.022 


Oil of rhodium 


0.044 


0.022 


. Fink coloured glass. 


.. . 0.044 


0.025 



+ The dispersive power df the different kinds of flint glass 
tried by Boscovich/ varies from 0*0457 to 0.0525. Dr Roln- 
• son informs us, that l?e exapiined, with.great care, a parcel of 
flint glass,, whose dispersive power was 0.038. We susp^t 
that he has committed some mistake in the reduction of hi^ 
experiments. 
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Oil of gavine 


• « • • 


o.eu 


O.Q81 


Oil of popfigr 


• • • ' ' • 


OJOH 


ooeo 


*Jfargon» (greatest refraction) 


0.0M 


0.016 


Itfiuiatic acid 




<(>.043 


0.016 


*Oiim copal 




0.043 


0.084 


JNutoil 


• • • • 


0.043 


O.0S» 


Biiigundj pitch 


% ■ ^ • 


0.043 


0.094 


^Oil/of tuipentine 


• • ' • 


0.049 


o.oto 


OH of rosemaiy . 


• - » • 


aoM 


O080 


^Feldspar 


m 


0.048 


0.0tt 


Glue . 




ao4i 


o.«» 


*Bakam of Ciq[)ivi - 


— « ^ A 


0.041 


OOSI 


^Aniber 


^ 


0.041 


0.0S8 


Oil of nutmeg 


\ 


0.041 


o.oei 


Stilbite 




ao4i 


0.021 


Oil of peppermint 


A 


0.040 


0.019 


Spinelle ruby 


• • • • 


0.040 


aosi 


^Calcareous spar, (greatest refraction) 


0.040 


0097 


Oil of rapeseed 




OiMO 


0.019 


Bottle glass 




0.040 


0.0» 


Gum Elemi 





0.03d 


OOSl 


Sulphate of iron 


9 


0.039 


OiOlO 


^Diamond « 




0036 


.01006 


Oil of olives 


> ^ 


0.098 


Oi018 


Gum mastich 




0.038 


Oi022 

4 


White of an egg 




0.087 


0.013 


Oil ofrbue 


• • 


0.037 


0t016 


Gum mytrh 




Qsm 


aoBO 


Beryl . 




0.087 


ooss 


Obsidian 




0.037 


0.016 
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Ether 

♦Selinite . 
*AIuto 

Castor oil • 
Sulphate o^ copper 
§*Crowa-gIass, verygrecn . 
Gam Arabic . • . 

{Sugar aft^ being melted and pooled 
Jelly fisb^ body of, (^Medusa ^quotea) 
Wat^r . . . , 

^ Aqueous humour of a haddock^s eye 
fVitreous humour of do. 
Citric acid 
Rubdlite 
Xeudte 
Epidote 
Garnet 
Pyrope , 

§ The dispersive power of the different kinds of comfflon 
glass (strass)^ tried by Boscovich^ varies from 0.0330 to 0.0346. 
Dr Robison found the dispersive power of some crown glass 
«iade at Leith^ t90 low as 0X)27« 

1 1 was very anxious to ascertain the dispersive pcnrar of tbg 
•caterior and interior part of the crystalline ; but I found dbis 
quite impracticable^ from- the impossibility of finding any por- 
tion of it uf an uniform refiraodve power. Owing to the gradual 
increase of its refractive density towards the centre^ a distinct 
imitge could not be perceived through any part of it ; and upon 
attempting to convert into a prism the whole df the lens, whuJi 
was about .32 of an inch in diameter, I ^yund that, though 
^t>nfined between two parallel planes of glass, it had^ a focal 
length of .85 of an inch, and therefore could not be employed 
&x this purpose, 



0.0S7 


0:01^ 


0.03T 


0.026 


0.036 


4J.01T 


0.036 


OM^ 


o.tn6 


0:019 


0.036 


0.020 


0.036 


0.018 


0.036 

■ 


: o.oao 


0.035 


0.013 


0.0S5 


0.012 


0i)35 


0.012 


0.035 


0,012 


0.035 


0.019 


0.035 


0.027 


O.035 


0.01« 


0.035 


O.024> 


0.033 


O.G27 


0.«33 


0.026 
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ChiysoUte 

Crown glass 

Oil of ambergrease 

Oil of wine 

Phosphoric acid, solid prism 

•Plate glass 

•Sulphuric acid. . 

Tartaric acid 

Axinite 
•Alcohol , . 
•Sulphate pf barjtes 
Tourmaline 



0*033 
0.033 
0.032 

* 

0.032 
0.032 
0.032 
0.031 
0.030 
a030 
0.030 
0.029 
a029 
0.028 



Carbonateofstrontites,(Ieastrefraction) 0.027 

•Rock crystal . . . . 0.026 

Emerald . . . . . 0.026 

Calcareous spar, (least refraction) • 0.026 

Blue sapphire , .. •. ., .. 0.026 

Bluish topaz from Cairngorm . 0.025 

Chrysoberyl . . . . 0.025 

Blue topaz, from Aberdeenshire, • 0.024 

Sulphate of fltrontites ... • 0.024 

*Fluur spar . . / . 0.022 

Cryolite 0.022 

In the course of my experiments on refractive 
and dispersive powers, I have been under great 
obligations tP 3ir George Mackenzie, Bart. Pro- 
fessor Jameson, and Thomas Allan, Esq.. who 
furnished me with many minerals which I could 
not otherwise have obtained. 



0.022 
0.018 
OJ^U 
0.012 
0.017 
0.017 
0.014 
0.016 
0.014 
0.022 
0.011 
0.019 
0.019 
0.015 
0.014 
0.015 
0.016 
0.021 
0.016 
0.019 
0.025 
0.015 
0.010 
0.007 
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The dispersive powers of transparent bodies 
might be deduced from another method of obser- 
vation, which, though not equal in accuracy to 
that which has been described, may, under parti'- 

cular circumstances, be deserving of attention. 

When we look through a prism at a h(Mrij;:onti4 
bar, it is tinged on one side with ted and yellow, 
and on the other side with indigo and violet* If 
the angle subtended by the bar is considerable, a 
dark space will intervene between the violet and 
the red ; but if the angle subtended by the bar is 
diminished by viewnig it at a greater distance 
this dark interval likevise diminishes^ and m soon 
as it vanishes, the visible extremity of the red 
eomes in contact with f he visible extremity of th« 
violet. The contact of these colours i« indicti* 
ted by the commenament of a jdnk Jrv*ge. The 
distance therefore between the biur and the eye' 
of the obsefrer, will afford a measure of the dis<*^ 
persive power, when the angle of t^ prism and 
kg refractive power are detelrmiiiedi If it should 
be thought convenient to make the observations 
at a constant distance ftom the b6r, the angle 
of the prism m&y be varied by the method already 
discribed, till ii produces the pink fringe at the 
unkm ef the red and violet. 
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On /A^ iVet(> Properties impressed upon Light by its 
transmission through Diaphanous Media, and by 
its reflection Jrofn the polished Surfaces of opaqnef 
and transparent Bodies. 

^h'THQUGH the subject of this. Chapter does not 
mvolve the description of any instrument, and is^ 
f hereforeinot strictly connected with the pr^Bjent; 
5irdrk, jret, as it forms a branch of the same en-^ 
qiiiry. with .the subject of refractive and dispersive 
pow^rsp and particularly with that of double re- 
fracUon,. I hope it will not be considered either 
as to unii^portant or uninteresting digression.: . ^ 
' There is, perhaps, no subject within the whale 
fange of physical science, which presents such 
singular and capricious results as that of double: 
refraction ; and there is certainly none upon wtiich; 
the genius and industry of philosophers have b^efi 
so fruitlessly expended. From the time: of Bar- 
tholinus and Huygens, whofiret. dbserved the ac- 
tion of Iceland spar upOQjlight, to the beginning: 
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ef the 19th century^.it has ex^cised the abilitieii 
of the most eminent mathematicians, and yet'dti* 
ring this vi^it interval it has scarcely been en* 
riched with a single fact ; no explanation, that 
could.be listened to for a moment, has ever beeii 
proposed, nor has it received the smallest aid 
from collateral enquiries. Eve^ Newton and La-' 
place have retired without laurels from the ardu 
otts> research; and had not a discovery of a most 
unexpected nature given a new form and charac- 
ter. to the investigation, it might have long re- 
mained among the impenetrable secrets of Na- 
ture. 

' That the experiments and reasonings which are 
to Qccupy this Chapter, may be readily under- 
stood by those who are not familiar with the sub- 
ject, I shall endeavour to give a short and perspi- 
cuous view of the phenomena of double refrac- 
tion,v and of the new modification of light which 
has been recently discovered by Malus. 

If a ray of light fall upon one of the surfaces of 
a rhomboid of Ici^land crystal, or calcareous spar, 
and is transmitted through the opposite surface, 
it is separated into two pencils, one of Which pro- 
ceeds in the direction of the inddent ray, while 
the other forms with it an angle of 6^ 16'. The 
first oi^ these pencils is said to experience iS^umal 
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or ortfifuiTj/ tefnurtioii^ and the other the unarud 
or extraordinary refraction. Heaice^ if the htmi^ 
nous object from whidi the ray of l^fat proceeds 
i$ looked at through the cryrtal, two isoagai of it 
will be distinctlj visible, and will continue so 
eren when the rhcKsiboid is turned round the fucis 
of vision. If another rhomboid of Iceland spar is 
placed behind the firsts in a samilar position, the 
pencil which suffered the ordinary refraction from 
the first rhomboid will suffer the same refractioa 
by the second, and the pencil that experienced the 
extraordinary refraction from the first will expe-^ 
rience only the extraordinary refraction from the 
secondy^-^-^none of the pencils bei^ sq>arat^ into 
two as before. But if the second rhomboid is 
turned slowly round, while the first remains sta- 
tionary, each of the pencils begins to separate 
into two ; and when the eighth part of a revolu- 
tion is completed, the whole of each of the pencils 
is divided into two portions. When the fourth part 
of a revolution is finished, the pencil refracted in 
the ordinary way by the first crystal will be re- 
fracted in the extraordinary w^^y only by the se-. 
cond, and the pencil refrs^cted in the eJitraordi- 
nary way by the first, will be refracted in the or- 
dinary way only by the second, so th«^t the four 
pencils will be again reduced to twp. Ai the ^d 
of f, f, and J of a revolution, the same pheno- 
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inena will be exhihited as at the end of | part df 
a reiirohftioii. : At tbe eiad of | of a revolution, th^ 
same phenomena will be seen as at the first posi- 
tion of the crystals; and at the end of | of a re- 
volution; the same phenomena will be exhibited 
as at the end of J of a revolution. 

If we now lock at a luminous object through 
the two rhomboids, we shall, at the commehce- 
ment of th6 revolution, see only two images, viz. 
one of the least and one of the greatest refracted 
images. At the end of ^ of a revolutibn, £mt 
images will be seeot At the end of ^, ^, and | of 
a revolution, the images will be again reduced t4 
two; and at the end of i» |, and v of a revolution, 
font images will be visible^ every image having 
Vanished and reappeared in its turn. 

It is obviousi therefore, that the ligiit which 
fonms these images, has sufibred some neW modif 
fication, or acquired s^e new j>rQ|ierty, which 
prevented' it, in particular parts of a revdfaition; 
from penetrating the second rhomboid* This 
property has been called polatisaiicm ; and light 
is said to be polarised by passing through a rhom^ 
boid of calcareous spar, or any other doubly re- 
fracting ciystaK 

Almost all crystallised substances possess the 
property of double refraction, aad consequently 
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the power oi polarising light. The most hnpor- 
taut of these, . arranged . in the order.. of thdr re- 
Tractive powers, are the following : 

Ohromate of lead. Topaz. 

Carbonate of lead. Tartaric acid. 

Jargon. Rock crystal. 

Epidote.. * Sulphate of coppen 

Carbonate of Stfontites. Selenite. 

Chrysolite. Sulphate of iron. 

Calcareous spar. 

. These different crystals, and many others,.exhibit 
all the phenomena which we have already descri* 
bed as produced by Iceland spar. 

A few years ago, M. Mains, a colonel of engi-^ 
neers in the French army, announced the discovery 
of a new property of reflected light. - He found; 
that wheiv light is reflected at a particular angle 
from all transparent bodies, whether solid or fluids 
it had acquired, by reflection, that remarkable 
property of polaruuUiony which had hitherto been 
regarded ta the effect only of double refraction. 

If the light of a taper, reflected from the surface 
of water at an angle of 5?"* i6\ is viewed through 
a rhomboid of Iceland crystal, which can be tum^» 
ed about the axis of vision, two images of th^ 
ta^r wilt be distinctly visible in. one . position of 
t)ie crystalf > At the end of i of a revolution, onq 
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^f the ima^srwill vanbh r^ad it ^iltre^pj^ar.tat 
the end of I of a revolution. The other :^im9^ 
,wP vanish atthe end of I of a.^evobrtiOB, aiid wiU 
rej>a£pear ;at the end <>f i a retoIilti6n; :and '^tli^ 
jsj^ne pl^pomena will he repejated in the other twa 
[^uadraiits of its circuMir; motion, Thejight re* 
jSected from the water» therefore, hasj.evideptly 
been p(darised, or ha^ reqj»ved the,«wne character 
as if.lt had be$n transmitted through adouMj 
refr^ting crystal. - . • > 

The angle of incidence at which this modificar 
tion is. dyiperinduced upon reflectedlightsincreasels 
in;generjat with the refractive pow(^ (^ the ti^n^ 
^parent:body'; and when the angle of incidence is 
greater.or less than this pai^icular angle, th<^ light 
4uff0rs only 'a. partial modification, . in cthe same 
manner as ; when the two ; riiomboids of; Iceland 
spat are not placed either in a similar /or in^ii 
transverse position. . 

In examining the light reflected from opaque 
bodies^- such as black .marble, cjbony^ ^c. Mains 
^scovered,; that they also possessed the power *df 
polarasation ; :and he found that polished metals 
had not the:property of impressing this character 
upcm light, ihoiUgh. they did not alter it when it 
had been acquired from another substance., 

When a taj of light was divided into two 
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iiMd6 tlie«e p^beils ^1 on tte i^ifuce AT wntei* idt 

ttti lugie <Qf J^S"" 45'* When the (irititi^I wxfSok 
of the rhomboid (or Mio pkifre Ttrhicl^ -Ui^s th6 
^Obtuse AOgle^,) was pttttlM to the plMtd nf reiee% 
tiOn, the Ordini^ petii:il WM iMuf% reflected «ii4 
partly refiriK^d Iflce M^ dther light \ tmt the «s& 
trtordiaary in^ p^netfated th0 waUr otitii^^ ioA 
iDot <mo of \\f^ paitidM «^4|>^ tefMcli<m» Oa 

the contraFy, when the principal $0Cftto^ of die 
^nystai was perpondioifiar to the plMie <tf iiiflectton, 
4lis extmordiharf raj wa» partly teftid<?ted iitid ra^ 
fleeted. While the ordkus^ jmy w«s refraeted ei^ 
tire* . These biiUiaat dlseoveri^f) whli^ throw * 
ftbw^ Ugfat upon the phepomena ntf i^iMtion dDi 
teflectioa, wem honom^ with the R«iii^ord tdfih 
dall>7 the Aoyal Society of London ; hut ^fiftr*^ 
tunaidy fikr.ecience^ Maluft ieavoely earfivied the 
adjudication of this high rewani^ 



Havmg thae girem a v^ hri(^ loul gimmt 
view ctf ^he pheiiometta of light Hrheh polierftied % 
'doubly teflracting o^atais, imd by . reflection fim[i 
tnuu^areatliodiest I shall aioW proeeed to giirO idi 
account of the resuHt which I har^ dbtliiflid H 
the same field of eaqidry, 
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' After ii^peatiiig tke experiments of Mdlus, and 

mMumn^ing several of the angles of i&cidetiee at 

wfakh light WiMS polarised bf f i^ection from di& 

teit€nt fiubttioioes) I made a variety of e^q^^ 

meati$» wHh th^ tiew of dkscov^Hs^ if a similar 

character could be impressed upon lig^tbj iti 

ttansmtesioii tfatbagih boities either wholly or im- 

p^ee^ transpari^t. All these trials^ hotrev^, 

afforded no new result ; and every hope of disco-> 

▼erthg 6«icil a property was extitigmshed^ when 

my aitentioh was directed to a singular appear* 

anoe of odour in a thin plate of agate. Thb 

^te, bounded by paraD^ faces, is about the 15th 

of an. inch thick, a&d is cut in a plane perpendi' 

CvAm to the laminae of which it is composed. The 

agate is very transparent, and gives a distinct 

image of any luminous object ; but on each side 

of this image is one highly coloured, forming with 

it an angle of about 10% and so deeply affected 

With the prismatifi^ colours, that no prism of agate^ 

wMi the lai^gest refracting angle, could produce 

^ equivalent dispersion, tfpon ei^mining this 

(coloured image with a prism of Iceland spar, I 

ira$ ai^tonidhad to find that it had acquired the 
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same property as if it had been, transoiitted 
through a doubly refracting crystal, : and upon 
turning the Iceland spar about its axis, the ima- 
ges alternately vanished at eyery quarter of a*re- 
Tolution. My attention was now directed to the 
cdttunon colourless image, formed by pencils traMs* 
mitfeed perpendicularly through the agate; and 
by viewing it witib a prism of I<5«land spar^ it 
exhtfa^tjod all the characters of one of the pencils 
prdduced by double r^frdct|on> the ' imageil alter- 
nately vauifthiqg in eveiy quadrant of thtir cir- 
cular moUon/ 

Wh^n die image of a taper, r^ected from wa- 
ter at an angle of • S3^° 45', so as to acqiure the: 
property discovered by Malus, is viewed throu^ 
the plate of agate, having, its lanptin^^ parallel tq 
the plane of reflection, it appears perfectly .dis«^ 
tinct; but when the agate is turned round, /so. 
that its laminae are peipendicular to, the plauje of 
reflection, the light which forms the image of the 
taper suffers total reflection, and not one - ray of /it 
penetrates the agate. . 

If a ray of light, incident upon one plate- of 
agate, is received after transmission upon another* 
plate of the same substance, . having its lamime 
parallel to those of the former, the. light will find 
«m easy passage tbrough the second plate^ > but 4f/ 
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the second plate has its laminae perpendicular to 
those of- the first, the light will be wholly reflect^ 
edi and the luminous ob^ct will cense to be visibie'. ^ 

Owing to a cause which will :afterwards be no- 
ticed, there is a faint nebulous light, xinconnect- 
ed with the image, though always accompanying 
it, lying in a direction parallel ta the laminae. 
This unformed light never vanishes along with 
the images ; and in one of the specimens of agate 
it is distinctly incurvat^ having the sanie ra* 
dius of curvature with the adjacent laminae. This 
unformed light is represented in Plate XI. Fig. 6. 
where AB, CD are the directions of the laminae; 
£ the visible image, of the Candle, and F the un- 
formed and incurvated light, in the middle of 
which the other iniage vahishes. The nebulous 
light surrounding the linage £ has now disap« 
peaiied ; but, by turning round , the spar, it reap^ 
pears by degrees, While the reviving image at P 
gradually iHspek' the haze- in which it Wais en* 
veloped. 

This remarkable property of the agate, I have 
found in the kindred tobstances of cornelian and 
chcUcedony ; and it is exhibited in its full effect^ 
even when these bodies are formed into prisms^ 
ai^ when the incident rays fall with any angle 
^f obliquity. . In bne specimen of a£;^te, which 
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hat no Yeins to indicate the dir ection ia which it 
was cut» the images did not vanish as before ; and 
in another specimen, of a similar character, the 
images suffered only ah alternate diminution of 
l^rightness, in the same mannier as a pencil of 
}%ht suffers only a partial modificatioift when jre^ 
fleeted from water, at a greater or less angle than 
52« 45'. 

. Although the preceding results are by no means 
ripe for generalisation, yet I cannot omit the pre» 
sent opportunity of hazarding a few conjiectures 
respecting the cause of this singular pixiperty of 
the agate. 

^ May not^ the structiire of this mineml foe in. a 
state of approach t6 that piiiticulac Uind of crys«- 
tallisation which affords double Images ? atid^ may 
not the unformed nebulous light be an imperfect 
image) arising from that imperfectidn^of struc* 
ture? We have already seen, that when the image 
vanishes at F, the nebulous light in the same 
place is a maximum, while this light gradually 
diminishes during the reappearance of the image. 
When the image, which had disappe£u*ed at F, re* 
gains its full lustre? the nebulosity with which it 
is encircled is very small ; and this remaining light 
is, in all probability, no portion of the unform<- 
h\ iniage, but only a few scattered rays arbir^ 
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from the imperfect transparency of the mmeraL 
If this explanation 8houI4 be rendered improba- 
ble, by observing that the small portion of imex* 
tinguisbed li^t at £ is not diminished when a. 
thinner or a purer piece of agate is employed^ may 
we not suppose, what is most likely to happen, 
that the plate of agate has not been cut exactly 
in a piane perpeiulicular to the lamina, and that a 
small portion of the unformed image remains^ in 
the same manner as one of the images is not 
completely extinguished, when we view with a 

prism of Iceland crystal the light reflected from 

« 

water, at an angle a little above . or a little be* 
bw 52* 45'. 

By forming the agate into a prism, the nebu- 
lous light should be separated from fJte adjacent 
image, in proportion to the angle formed by the 
refracting planes; but owing, perhaps, to the 
smallness of its double refraction, if it has such a 
property, I have not observed any separation of 
this kind in the prisms which I have tried. 

.The incurvated form of the nebulous light, 
corresponding with the curvature of the laminae, 
seems to connect it with the laminated structure 
of the agate, and to indicate, that the phenomena 
of double refraction are produced by an alternation 
of laminae of two separate refractive and dispersive 
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powers.' In . calcarcoua spar, one set of the laminae 
may be fonned by a combination of oxygen and cal- 
cium, while the other set is formed by a combination 
of oxygen and carbon. In chromate of lead, the 
chromium and oxygen may give one image, 
while the oxygen and. lead give another. In.like 
manner the caxfoonate of l^ui, the carbonate of 
strcmtites, jargon, and other doubly • refracting 
crystals, may' afford double images, in virtue of 
similar binary combinations. Of the simple in- 
flammable substances, sulphur is the duly, one 
which has the faculty of double refraction ; .but 
it will probably be found, that it holds a metal in 
its composition, or some other ingredient which 
chemical analysis has iioi; been able to discover. 

If the explanation wJiich has now been given 
of the polarising power of the. agate should: be 
confirmed by future experiments, it will be con- 
sidered as^ a case, though a very curious one, of 
double refraction ; but if these conjectures should 
be overturned . by subsequent . observations, the 
phenomena which we . have . described must - be 
ranked ^ among^ the most singular appearanccis 
which light exhibits in Jts. passage through dia*. 
phanous media. 
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2. On the Poiper of Transparent Bodies to deprive 

Light of this new Property. 

* Having thus determined that light received a 
new property by refraction through Hie agate, I 
was anxious to ascertain if light thu^ polarised suf- 
fered any change^ by. passing through other tran- 
sparent bodies ; and, in 'the course of these re- 
searches, I have been led to results of the ' most 
unexpected and surprising nature. 
. ' When polarised light was transmitted through 
rocic crystal, it was depolarised, or converted into 
common light, in one. position ; while, in another 
position of the crystal^ the polarity of the lig^t. 
was undisturbed. ' The other substances which 
possessed the faculty of depdarisation, in one po- 
sition only, were Topaz, Ckrysolitey Borax, SuU^ 
pkateofLead, Feldspar, Selenite, CHric Acid, S%lU 
phaie qf Potash, Carbonate of Lead, Leucite, Tour-^ 
maline, Epidote, Mica, Iceland Spar, Agate with- 
out the. polarising property, and some pieces of 
Plate: Glass. 

When polarised light wa& transmitted through 
gum Arabic, it was depolarised in every position 
of the gum ; and I found the same remarkable • 
prc4)erty in Horn, Glue, and Tortoise Shell. 

The substances.which had not the property of 
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depolarisation^ *and which produced no ch$;nge 
upon polarised light, were Mvriate of Ammonifl, 
Altim, Amber, Gum Jumper, Bock Salt, Gum Mas^ 
fichf Obsidian, and Diamond; but it is probaUe that 
these bodies were not eut in the prop^direptioB^ 

3^ On New Optical Properties exhibited by Mica 

and Topa^z. 

In making the experiments with Mica and To^ 
paz, of which I was kindlj furnished with excel- 
lent specimens by Thomas AUaB» £^. I obser- 
ved some singular phenomena^ which seem to be 
peculiar to these minerals^ and whidi I have en- 
deavoured to represent ^l Fig. 7^ of Plate XI. 

The rectangular space ABCD, r^resents a 
plate of mica standing in a vertical position. 
When a prism of Iceland spar is placed in a ver- 
tical or a horizontal line upon this plate, pofarised 
light, viewed through them both, suffers no 
change. The horizontal and vertical lines EF, 
GH, therefore, drawn upon the plate of mica, 
may be called the neutrtd axes of the mica. 

« 

When the Iceland spar is placed in the diagonals 
AD, £C of the rectangular plat^ so a9 to l»se6t 
the right angles formed by the neutral axes, tbe 
polarised light is dep<darised, and hence these dia* 



5 



CiiAt". IV. ^P MiCA AND TOf^AZ* 887 

/ 

gonals may be called the depolarising tau^%* These 
two axes are comndon to all substances that have 
the faculty bf depolarisation. 

If we now examine a polarised image by the 
prism of Iceland spar^ placed upon the vertical 
neuind axis of the mica» the polarity of the light 
will of course continue, fliHd only one image will 
be seen ; but if. we incline the plate of mica ybr- 
wards f 90 as to^nabe the polarised light &H upon 
it at an angle ctf about If"", the image that was 
formerly invisible starts into existenee^ and ithere^ 
fore the fight from which k was fbfmed has been 
depolarise. If the same experiment is madifc 
upon the hanxontal neatrai axis^ no such effisct is 
produced : and bende it follows^ that the verHedd 
neutral axis ki accompanied with an obUqtie depo* 
hrising axis* By making' the same trials with the 
depolarising axes, it wilt be found, that each de-^ 
polarising axis is accompanied with an clique neu-^ 
iral aads t and therefon;, ^ach plate of mica pos^ 

• 

sesses two oblique neutral axes, and only one obHfue 
depolarising miB* The obflque d^olaris4ng axis 
of the mica is mpvesented in Plate M. l^lg. 7. 1^ 
this lia€ dai, and Mie two oblique net^isal axes by 
the lines p^ and Op; tfa^ an^es 60», AO«i, 
^Op being qlfout 4d% and the plants of <^ese 
angles keihg pespendieiilav t9 the plate of miea. 
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' In repeatiog these experimeatscwith a great 
variety of transparent bodies, I have not been able 
to detect in any of tbeni, except topdZy the oblique 
axis.of depolatisajtion and neutrality- This niiner- 
ai, which is known to have the laminated struc- 
ture of itiira^ possessed only the obl^pie depolari'^ 
sing axuy which seems to indicate a less domplica- 
' ted structure than that of odca^ 

If we attend carefully to the two images of a 
luminous object, when they are depolarised by a 
plate of mU^ they will exhibit, by a g^tle incli- 
nation of the plate, the most capriciouis alterna- 
tion of the prismatic colours. The reef rays of 
the spectrum go to the formation of one iimag^e, 
while the blm rays go to tbe formation of the 
other .^ . By a: slight change in the obliquity of the 
plate, the red image bed>mes blue^ and the blue 
image red^ and thesie alternations are produced in 
such sudden fits, as to resemble moire the tricks 
of a juggler, than the operations of a natural 
cause. f 

When one plate of mica is laid upon another, 
so that the netiiral axis of tbe one may coincide 
with the d^larising axis of the other, all the 
Thetitral axes are converted into dqtolarisingaxe^; 
and the play of prismatic colours appears in every 
position vof the Iceland spar. Hence it follows. 
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that tltis sAttgular decomposition of light is some 
how or other colmected with the property of de« 
polarisation, for the colour never appears in any 
of the , neutral axes. 

I have also observed this ahemation of colour 
in the topaz, but only at the particular instant 
when the evanescent image started into View by 
the sudden restwation of the depolarising virtue; 
and it is also worthy of particular notice, Hiat the 
colours never appear in very thin plates of mica. 



4, Onsme new Opiicdl Phenomena observed in a 

Rhomboid of Icehmd Spar. 

In the tourse of my experiments ilpon^ double 
refraction, I obtained from Sir George Madkennie^ 
Bart, some^xcelleht crystals of Icela^ Hqpar^which 
exhibited a number o^ very curious phenomena^ 
that werequite new to me, iand which appear ^ to 

r » , ^ 

be connected witii the phenomena in the ^r^e<^ 
ding Section, and with the colours of thin plates 
first observed by Ne#tbn. 'As I cannot pretend 
to explain these appeieurances, I shall satibty myself 
at pfi^esent; witb giving an account of the experi- 
ments which I made. ' 
The rhomboid of 'IceUhd spar is represented in 
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tkfck, ^ <t^« ^a« AjR ft«»»H m ¥^9^ ^Hm^ 

^«6°:/i2' with ih» »!«fiK» i:;!P. Wl^eii; v© Iqqk at 
a candle through the parallel pl^oe^ i^< t^e ^hfi^-^ 
Imid ini. wkj part ^ tim ffitoMOigyl^r sB^ce f>n, 
Ihnae. images. we 4]^iM;tI|^ yisiM$> as li^ F%. d, 
vliwe A is the fi(»Mn(Mi Jmas^ of tfe^ PM)^^ ?Bi- 

ifi ite sii* AB M bf99glMi ^''^f^r^s. ^ fiyfi» <!^ie 

whole rhomboid moving about CD as an axis, the 
images d, e separate from A, and e becomes yd- 
Itm* u4»fmtpU, Ai4 iWf^ in ^i^ssk^i, Igr inci^as^ 
ing the angiav^f ijiipj^jmi^. fjw im^ge d .becomes 
yellow and red,' and it vanishes/before it assumes 
^txaetimt €»l9lff. W^e^ ^ M^e ^JF ^ l^tifht 
Udmtiift.^e l^.» PPti<ffi r^mwiQil, 4l)e images 

A (?: »ppi>fift(sh'«% A» iHit s)#iK; Dp^ ^mm of c?- 

jN»;0lr, Mid ;i&/«% W «ufi($W9<». ' 
;< Wken tb^igid^BA w-^iwpgli^ p^w^r Ml? eye 
^4 mfiiim,9i Hms ]rbp^iri)fl|#i»v94 ¥N,t)ie ioafiges 
<Qr.« «^»mt9 ff/m A^bf^ 4fi not:fa(hibit apy i)(r 
temation of colour : they ar& (^y n^opre ^^M^^ 

with, the iifijirt |iriHn»% CPlapw. 
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fi^ ^ai«r is eiklUflifted {^ IdbRilig !tUft>«^*tti6 
itictftllgbtai- «pat« iH#«f tlie lfti»mt)oia>, m^ imi^ d 
irioMi^a'^hen tkfe Kite \A9eciAik0 tlte mgik^^lP 
Is ifi the pkhe tf refliec«i(Hlj i^d ^be lifta|i^e'va^ 
fiisbes when ihe line bis6<^}ng the ^gle WF& ^ 
Sn thfe plane of i«B^cil<«li ' t ; ..:. 

When ibe inages df/ A/^ fti-e eJUuBoittilefd itii-ddgh 
anothei' pHsni of IteTtmd spar, e^idi-of tftfeftil^ 
dbiitiled; and, cbriseqtVeniljr, ^iii iHi^e^ ^e vU 
6%le. If \^e principal setiMi of th<& Spai? is per- 
pe^dictilal' to the line d. A, e^ AM ^ ^ttiieitii^iii 
are in a line, the image e, and the second iittag^ 
of t2, VAnish tbgether; but ifiM i#ittclpbl section 
et tM ci^attA is paicOM to dAS, thfe iifca^e^ 
aild the second ihiage of e, Vahi§b ttt ihe molt H^ 
stant. .... ; = 

It we now M5k ftt mt dattdfe tl^^^b th^ in. 
dih«d face AB^ We^ slee, as ih Fi|. 10. the tttage^ 
% Cf #hich lU^ Wi dotible iinage A, «l^iU<dt«ll 
bjr h gi-^ter refVacfldh, dnd also the foriag«k <f^ k 
6s iJefbird 

B jr ^aniining the pdM^ii^ li^^ht of a' Xipdt db 
h^ote, the images <f dHd C vanish when the Mt 
WsetJfing rhnW "is in the plane Of redectlbh, and 
the im^^*B and e vanish When the lihe biSftfct- 
ing n FE is in fbe plaiiie of refltdion. 
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Whi^ilthe images dpB^Cfe, are viewed tl^rough 
a prism. of loelMd 3pv* ^e imnges e, C, the se* 
cond imi^ of B» and the image d, ail vanifb in 
the sfune position as when e vanished in Fig. 9 ; 
and the second im^es of e and C» the image B, 
and the second image of d,v vanish t<^ther u^ 
the same position as when d vanished in Fig. 9. 

When the side AB i^ brmight towards the eye 
by a motion round CD, the ima^e d becomes yeU 
low, ,red, purple, and Uue, in succession : The 
image e is also afiected with these colours, and the 
image C in a less degree, but the image B is never 
affected. 

All the phenomepa which have now been de« 
scribed, are visible in small crystals, about the 
00th part of an inch in thickness, when deteche4 
from the farthest side of the rhomboid about M. 
In the specimen of cakveous spar with which 
the pieceding experiments were made, the pris^ 
tnatic face AB is cut in the same direction with 
the line de which joins the images; but I obtain-* 
ed another specimen, in: which the prismatic facQ 
was at right «ig)es to that Unee. This specimen 
is represented in Fig, II. of Plate XI. and exhi-* 
bitf some phenomena which are worthy of notice^ 
The angle DC6 is about 4l|% and the inclina- 
tion pf the lines CD^ FG is nearly 69i\ 



.^HATJ IV- 



iir;jG:fti<AND spaa. 



■ f » w -m e 



^34^ 



. Wbitociwe lodc.at tbie.caadlejtkroui^k.thepa- 
oralM^iplaoes B&e£» ACGH, .tkoree; Jnioge^ ai!^ 
seenas in Figt 9. tke line d Ae.baing.iivaUc^ tp B .6, 
and ^en the cancUe is:viewed tbr^Aghtfajeipari^ 
Jel laces BAHB, CDF6, tli^ thre$; Untg^ are 
seen.aS'b(^re:;. but d and ^ dj?e at a. greater Pit- 
tance ftom A, and the line c2 e is paraUiel to a Hoe 
Fjfi perpendicular to CG. 

If the candle is examined through the inclined 
planes N b DC^ NP6C) only two images are seen^ 
as in everjr other sp^imen of caIpQreou9 >spar; but 
when it is viewed through the planes AB&N;» 
AHPN, 60 as to i^pear through tibie ^c^jon 
NMOP, four inmges of.the caudle will be visible 
as in Fig. 12. where B> C are the wmmv^ 4otiJi>Ie 
images^ and d^ e the otJier images, of ;wt4^ e opr 
peara to be a. second image, of B, ^d d a^ seeoiid 
image^K^f: C. By turuui^' the prism rouud so as 
to brhig BD towards tbe.eye, the imag€^ d^e re^ 
cede^om^B^ C, aud by bringing AC towanjs th^ 
eye« theseJiiagea ap|iro(iefa:to BC. 

The! imitges dyC^ , exhibit th^ same alt^iisiAtiQA of 
colours^^ and jthe same, phenomena by polarisation 
whichliare already been d^stcrib^d as seen through 
the^piismatic face.AB of the first specinien ; and 
they we ^tinctly visible through au aperture of 
the ISOfeh of an inch, when placed on ^ny of i\^ 
prismatic faces. 
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Wbeii the diiiectba of a ttrhnlov hat i» &L^ the 
faaage of it, <;i»iesp0iiiU% to e, has no Mdar at 
its edges ; ai|d when the dii^eelbli of the liemdov 
bar in AS> the tihage of it, corraspondiiig to cf, is 
fiot eo){Hi|«d. Whea tiie two eomoioa haages df 
the bar ate cdlottriess, NP is the dfeectloa in 
' whi<^ it lies. 



5. OalA^ ModifieaHm of £d^ mpcM ^f¥om ike 



As it aj^ared fidm the exjii^meDte of Malus, 
^at light was not polArited by reAedti6ii frcNth 
pcAished mstaffic siibMahtes, I wished to ascertoa 
l^e elTects of bodies approaching to Mia isnMiie 
state, and wi^ this view I fa^^ a seitiea of bk^ 
perim^to Mpon the oid^fMi toifaces of: polished 
steel. The colours pr^need upon polbhed jrted 
at different teinperatores, wefe ascfSied: by Sk 
Isaac Newton to the same caiise as tiie'ealOuis oC 
thin plates, and he supposed, that tke diffifent 
eolonrs w^e occasioned by different thieknesses of 
a tkin glassy ^^m, arising iRrom the seorimcr iMru^ 
Jved part of the metal being protruded €md mU old 
to the surface. This e:itplanation, thcfngh marh^ 
i^ that Wonderftll sagacity which cbaracteHsed 
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even tMe cmijMtures of tins iU^Btrious ph2k>Mipfier^ 
had stflt no diiect ^idence to support it^ tod it 
WW nuoMeit, that the experimebts IrUefa I pr&« 
posed, would either confirm ov itvetinrA the hypo* 
tfaesii. If the Hght* reflected from the oxidated 
<shrftice exp^riMced no modific^ticfn^ the eilst^A^ 
of a traii«{>areiit film ib^if^i hare been ftdrl^ 
quedti<»Md i whBe the cotnkhhflicalim) Of pdlmrUg 
to th)3 reflected rays, which was imptessed by etery 
oMief transpare&t body, wonld gite new strengt|it 
to the coii^Miilie of Newton. ^ 

HAtiilg prcK^iiiied Setenil pieces of st^el hi^^lily 
politfied, I'obteifiedf at^lffet^ttimperhiures, all 
the shades of colour from a pale straw to the 
deepest indigo. When tiie light of a taj[ter-W8s re^ 
fleeted if onai thh indigo ,coUured oxid^,* at a girieat 
angle of inflHdeneieS, (about 7^^ or 80^) and examin- 
ed by d'prisni of calcareoiis q;»ar, it did iM>t stem 
to Usnre tfeceiycd anjr nefr modification ; butiHien 
the ai^;le of Inddencewas diminished, to about 
55' and ^^ (he letffit r^lVacted hria^e Was of « 
brilliant red colour, while the other im*ge did not 
apij^ear to httv^ silfl*ered any ehahgei . By tnriiing 

the primi Hbout the astii of ^ision^ the greatest 

ft 

* The oxide most proper for making this experiment is form- 
ed at tke tcirtperatute of 570**, according lo Mr Stoddart's ey- 
pCTJinrats* 1 
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jrdracted image was a bright red at the emi x)f one 
fourth i>f. ^ revolutioit, and at every quarter of a 
lenroluticm the images were affected altematdj 
with:tfab brilliant colour. 

When the reflected light ^as viewed through a 
plate of agate^ having its lamina peqpacidicufair tp 
the. plane of raftectiotiy the image ^ the taper was 
irf* a bright redf and tibe unformed jaebtilous light 
with . which it was surrounded wm ^ pale blue ; 
but when the lamime^ were parallel to tbeplaae 
of reflection, the image assumed its umsl colour. 

By intefp>Osing aplate of mica bet we^ the 
blue oxide and the Iceland spar; or the plate of 
agate, the : red image < was restwed to the same 
colour as the other image* ^ . ' 

When polarised light {nroduced h^ reflection 
from water, or by^tranBnriasion tibroiigh the agate, 
was reflected: at, a particular angle from the blue 
oxide, and in & plane perpendicular . to the plane 
of reflection, the image- af^ared of a red colour, 
similar: to that which was produced iui the othi^ 
experiments. * 

By using the other pieces of steel, ip whi<?h the 
colours were produced at lower temperatures than 
the indigo coloured oxide, the image, which in the 
latter case b^me red, now varied from orange to 
yellow. 



I 
/ 
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Tbese curiou9 results, while they appeaa^ to 
establish Sir Isaac Newton's idea of the trans* 
parency of the superficial S\m, 'seem, upon that 
supposition, to admit of an easy explanation. The 
light which isreflected from the transparent oxide 
becomes completely polarised at a particular ai^^ 
of incidence, like the light reflected, from every 
other diaphanous body; but the light which is 
transmitted through this film, and reflected to 
the eye from the polished steel having suffered al- 
most no polarisation, the polarised portion will of 
course vanish in every qustdrant, while the unpo- 
larised portion will reach the eye of the observer. 
T^ke truth of this explanation is strengthened by 
the result which was obtainf d;by the interposition 
of mica; for when the polarised portion is <i^«^ 
larised, or restored by the mica, the image rwhich 
was formerly Ted resumes its iisuat appearance* 



6« On ihe Madificaium of Ia§^ refect^ Jtpm pQ-^ 

lished MetaUic Surfaces^ 

• f 

in the course of the prece^g experiments, 
whto the light reflected frcun the oxide was d$* 
polarised by the mica, I observed the same alter- 
nations of colour which have already been de« 
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eanbedii ixA the c6l6ui« 8f in «^%iled iktm- 
selves, thbiigh irith^AiiHisIied «>ffec&, 6rM irtM 
tbe jpdlttih^ ^teel bad ia oxidation npbh ill Him 
fyce. These colotuEi generallj a^^tir^ between 
45* add 70° of inciAtoce, and I obs^ed tl^ni 
irben tte ieflectibi& tras raadi, i^rotti the fd^b^t^ 
dtibsUuices^ Which wiere the btily ihetalife^ bodiek 
that i trie*: 

Gold, Metal for specula. 

Silver, Silvered back of a looMQg gloss, 

jBr^sfi, Mei;cuiyv 

Steel, . Pyrites* 

' i^ftmi thffse 6b§*iV4tions, It foJlOwg, cdnti'diy to 
<he asisfertlbn i6^ M^lUs, tbat Ught does satet sonke 
nliddifieatidli by refliefctioii froih tdetallic suifac^s. 
Sillte ndiie of the tutro images vanishes t^ben the 
light is viewed through the Iceland spar^ it h bb» 
vious, that the whole of the incident light cannot 
have been piblarised ; but a portion of it may have 
suffered tkis tnddilication, dn^ thii!; polarised por« 
tion, when depolarised by the mlc^, may have 
been the cause of those alternations of the red and 
blue f&jrs Which, as #e haire dready sfeefa, tiiiiform- 
if hccomp^ti^ depolarised light. 
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7. On the Lighf r^ctedfrom fhe Cloudy ; the Blyjs 
flight of the Slejf, ; an^ ^ Ligit whicf^farm ^ 

W^ h^ye alre^dj seen, t^t the singula de^- 
qoJffpQ^tio^ of light produced h^f the iotervi^iitioii 
^ ^ pl^ of iiW^ ^ exhibited only when the; 
tvf^xfiitited rays i^ve b^^ n jfreyioiisly pQlcp;i^ed. 
T^ a}ternHti99 Qf\%h^ pnpp#t4p colours, Uteres 
fi^rfo fl»y be psiwfle4 ^ 4 4«isive teat, that the 
light by M^Wch tjipy 4J^ %qif^ hfw received ei- 
ther whQH]^ OF {wrtly the (h^r^oter of po^arisat 
tic^n; ^n^by tbifs ^sjtipg^iskbms £eflecte4 from 
direct light, it enables us to account for several 
ia^erertlBft jSi980fl|pn« vWf^. ha,ye hitherto b^n 
onJy |iypQ!tfe04?a|ly e5p|ai^e4. 

W^n w^ f^amfie th^ light of thq cfoi^ds by a 
priam of I«^and 9pw, 8^4 iA^efpos^ a plf^te of 
mica^ tfafi ^dtemntioa :of the prisma^ti^ cdlours is 
distiUPtlf vi^AblC), aJtl^Q^gh mmB of the two images 
fJnmeA by titie sg^ipr y^ish^^ }n every ^f^u^ant . 
It follow?) tbpreferf , tiifft the light of the plouds 
'n P(irt\y pQ)f rl^ed. 

Wh§ft the Ifhifi light of the ^ky is exa^xiaed. in 
a,9tf»itef ittaax3ter» the play <^ the prismatic co- 
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lours is still more brilliant than in the precedmg 

« 

experiment ; and one of the images suffers a visi- 
ble diminution of brightness at evei^ quarter of 
n revolution. Hence we may conclude^ that the 
blue light of the sky has experienced a partial 
polarisation ; and that it is reflected from the at- 
mosphere with whidi the earth is surrounded. 

This result confirms Bouguer^s h}^pothetical 
explanation of the blue colour of the firmament^ 
and completely refutes the opinion of Fromondus, 
Otto Guericke» Wolfius^ and Muschenbroek, who 
maintained^ that the blue colour arose from a 
mixture of light and shade. The notion .of Dr 
Eberhardj'that the air has a proper colour of its 
own^ is also overtimed by the precem^g experi- 
ment. 

Upon examining with a prism of Iceland cry^ 
stal the light of a veiy brilliant rainbow^.! was 
surprised to find, that one of the images of the 
coloured arch alternately vamished and re«appear*. 
ed in every quadrant of the circular motion of 
the prism. The light, therefore^ which forms 
the bow has beeii almost wholly pohirised ; and 
when we recollect, that this ^ light has ; been re- 
flected from the interior surfaces of the: drops of 
rain, nearly at the angle at which, light acquires 
this property, the phenomenon admits of an eas]^ 
explanation. 



CHAP; IT. . FROM tHE CLOUDS, &C. 951 
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I have not yet found leisure to extend these 
experiments to the light of all the planetary^ t>o^ 
dies. The light of Shins exhibits no marks Of 
polarisation ; and I have not been able to perceive 
any peculiarity in the rays of the fuU moon. As 
the light of the star is not borrowed from any 
^ other himinary, this result is preddely what might 
have been expected ; and as the light of the full 
moon is reflected perpendicularly from her disc, 
the polarisation is in this case evanescent, atfd 
could not, therefore, be rendered visible. 

I e^^pect, however, to find,' that. the light Of the 
moon, when she is about three, or twerity-sevfen 
days old, has received a partial polarisation, and 
thus to ascertain that she is directly and exclu-^ 
sively illuminated by the solar rays; Ricciolusr 
maintained, about the middle of the 17th century, 
that the lunar surface is phosphorescent, and that 
her native light is disengaged • by the excitsCtion 
of the solar beams ; and the same hypothesis has 
been recently published by Professor Leslie, to 
explain the lucid bow of light which bounds the' 

obscure portfon of the lunar disc. * 

» 

r 

• * The true explanation of this phenomenon, as deduced, from 
direct obsenraUon, will be found in the article AsTaoNOKV^ iiv. 
the Edinbur^ Sm^fdopageUa, vol. ii. p» 624. 
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' Tbe es:periivteiit whkh I haTe paroposed^ will 
decide the fute of tibese rague hjrpotheseB, wbick 
derji?e no sttpport either froxn ditect or analogical 
leasopifig* 

The principle employed in the ptieceding ex<^ 
perimentP) fQni}fihe$ ii$ with a m^tiiod of diacOf 
Teriipg wjieth^r there are any se^ in the mofCfn 
IIA4 pIfiQets* If the derk portion of the lunat 
di^q in covered with water^ as many aj^tongmem 
h«Vie hnfgiii^, the light which they reflect must 
be whoUy polarised/ when the angle formed by 
liiif s. diawii frcua tbe mopn to the e^rth and the 
wn is Ifkf. 9fi^\ 9nd t|ii9 polarity will be indica^ 
tedi eitto^r hy the timishing of one of the images 
a^t ey?ry qjuadr^t of the motion dT the Iceland 
^pKCi or by the Altema<tioii of tji^ prismatic colours 
whw a ptote oiif^m i» iftt^rpqs^d.^ 

Thesre^periments^ which I a«i anions to per« 
fonii w^eii the s^nte of the weatjiei' is fiyouriiblej, 
^ay he es^tended to the e:}c;amlnatiojti of the m,^ 
rora harefilisj and %o any o^he; }umip4;>vs ol^ect 
with wbas0 ori^n wd n^t^ure w$ we uMC%^uiint- 
ed. 

• 

* A thin plate of transparent agate is peculiarly fitted for tliese 

observations when the light to be examined bas a considerable 

iiiteRSity, a» it polarises the transmitted ray idthout rri&actbig 

it from its original direction^ and^ coni^ueittfy, iidljiout p^ediK. 

. cing the prismatic colours. 
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CHAP. I. 



Account of an Improvement on Achromatic TeU^ 
scopes^ founded on a dimifiuHon of the secondary 
Spectrum which remains after equal and opposite 
> Dispersions, and deduced from Experiments on 
the Action of Refracting Media upon the diffe* 
rently coloured Rays. 

It appears frdod the experiments contained in the 
Chapter on Dispersive Powers, that when the dis- 
persion of a prism of crown glass is corrected bj 
another of flint glass, the colour produced by the 
one prism is not wholly corrected, and that this 
uncorrected colour is indicated by a green and a 
wine coloured fringe surrounding the object from 
which the rays proceed. This important fact. 
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which was first observed hy Clairaut, is complete- 
ly hostile to the perfection of the achromatic te- 
lescope^^and renders it impossible to correct more 
than two of the prismatic colours, by means of 
the opposite dispersions of two kinds of glass. 

The celebrated Boscovich, whose fine and com- 
prehensive genius has never been duly appreciated, 
confirmed the observation of Clairaut, by a series 
of well-conducted experiments. He shewed, that 
the uncorrected fringes arose from an inequality in 
the coloured spaces of the prismatic spectra form- 
ed by different substances ; and he has pointed out 
a method of uniting three of the colours by three 
media, differing in refractive aad dispersive power. 

Dr Blair observed the uncorrected colour, which 
he calls a secondary spectrum, in several fluids : 
He found, that the murmtic an(l nitrous acids pos- 
sessed the property of producing a spectrum in 
which the coloured spaces have a proportion dif- 
ferent from that of all other substances^ and he 
has shewn^ how to remove the uncorrected colour 
by h. double combination of fluid lenses. This 
method, however, thofighthe principle of it is per** 
fectly correct, has never been used by subsequent 
<^ticians, and probably will never be found of 
any practical utility. 

In order to explain the phenomena of uncor- 
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recttd colour, let RRO, Plate XII. Fig. I, be a 
ray .transmitted through a hole . in th^ window- 
shutter SS» and incident upon a prism P, which 
sefracts the ligbt in thfc direction PM« and forms 
on the wall O A the pxiswatijc spectrum AB ; PM 
being .the tnean ray, PB the extreme red, and PA 
the, extreme yiolet ray. The spectrum AB, which 
it foiTOS, will be composed of four colours, red> 
green, blue, and violet, and if the prism is made 
of crown glas&, the mean ray PMN, which di- 
vides the spectrum* wiU be the boundary of the 
blue and green spaces. > If a prism of flint glass^ 
w;ith a less refracting angle, is placed so as to 
form a spectrum CD of the same size with AB, 
the boundary mh of the green and blue spaces will 
no. longer be the mean ray of the spectrum, but 
will be considerably, nearer the red extremity D. 
Hence the least refrangible rays will be more con* 
ircLctedj and the most refrangible rays more ex- 
ponded than in the spectrum AB. . If a third 
qpectrum EF of the same length with the other 
two is formed by a prism of rock crystal, the 
mean ray ^y will be nearer the violet extremity, of 
the spectrum, and the least refrangible rays will 
be more expanded, and the most refrangible ones 
9iore conti^acted than in the spectrum formed by 
the prown gbiss« 



L 
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These conclusions respecting the different mag- 
nitudes of the corresponding colours, are not ob«: 
tained by examining with the eye the length 
that each colour occupies iii the spectrum. The 
indistinctness with which all the coloured spaced 
are bounded renders this quite impracticable, and 
compels us to adopt a more circuitous, though, at 
the same time, a more accurate method of obser- 
vation. 

r 

If a spectrum formed by flint glass had its c6^. 
loured spaces exactly of the same dimensions witfi 
those of an equal spectrum formed by crown glass, 
any object, such as the sun, or a window bar Ty- 
ing parallel to the common section of the refract- 
ing planes, should appear perfectly colourless 
when seen through the combined prisms. But if 
the coloured spaces in the two spectra are not 
proportional, as is represented at AB, land CD, 
Fig. 1. Plate XII. then the sun, or the window' 
bar, cannot be altogether free from colour; for 
though the extreme red and violet rays of both 
the spectra are united, yet the intermediate co- 
lours are not rendered coincident. In the spec- 
trum A B, formed by the crown glass, the first 
green ray MN, which is here the mean ray, -. is 
obviously more refracted than the first green ray 
m n» in the spectrum CD formed by the flint glass* 
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and therefore the flint glass will not be able to 
refract the ^reen ray, so asi to unite it with the 
red and violet. Hence the green ray will, as it 
were, be left behind, while the red and violet rays 
are rendered coincident. Thus, in Fig. 1. if. a 
prism p of flint glass is placed behind a crown 
giass prism P, so as exactly to correct its disper* 
sion, the spectrum AB will be reduced to a se- 
condary spectrum a 6, the upper half of which is 
^reen, which is left behind, and the lower half is of 
a wine colour formed by the union of the red and 
violet rays. If the bar of a window had been ex- 
amined through the combined prisms P,^, the up- 
per side of it would have been tinged with green, 
and the lower side of it with a wine-coloured' 
fringe, 

. By comparing, in a similar manner; the spec- 
trum EF formed by rock crystal, with the spec- 
trum. AB formed by crown glass, it will be found, 
that the rock jcrystal having a greater action than 
the crown glass upon the green ray, will carry it 
beyond the place of the united red and violet, 
and will form a secondary spectrum e/,^the lower 
half of which is green, and the upper half of a wine 
colour, arising from the union of the red and vio- 
let light. If the bar of a window were viewed 
through the combined prisms of crown glass and 
rock crystal, it would be tinged with green on its 
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lower side, and witli a wine-coloured fringe oil its 
upper side. 

When a horizontal Window bar, UkariA^te^ is 
seen through any two prisms which dorreiit. each 
other's dispersion, without uniting all the colonic 
the green fringe will always be on the same side 
of the bar with the vertex of the prism which has 
the least action upon the green . light, or whk^ 
contrdcts the red and green rays, and espsads 
the blue and violet ones ; that is, if the vertex 
of the flint glass prism is pcyinting downwards, 
the uncorrected green fringe wiH be on the lower 
i»ide of the bar. By observing, therefore, the po» 
sition of the gteea fringe, we can immediately as- 
certain which of the two prisms has the greatest 
action upon the green light. 

These theoretical deductions from the assuined 
inequality of the coloured spaces, are complete^ 
established by ol^rvation. Prisms of crown and^ 
flint glass, having large refracting an^es, and 
(borrecting each others dispersion, uniformly give 
a secondary spectrum likie a 6, Fig. 1 ; imd far 
the satne reason, if we look at the moon, car 
^ny luminous body, through the most perfect 
achromatic telescope that can at present be coa- 
fitructed, and draw out the eye-piece beyond tlie 
point of d^tinct vision, the moon will be encircled 
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wiih a briUiaiit Buiigiit of gtw^ l^kt> mi if %h^. 
cQre tube i$ puahed as ftr inwards betwi^en the 
point of diatitet vimn and tbe ofc^t-^lass, the 
moon win be jlurrtmnded by a le93 briUiam fringe 
of wiii6«»coionred light. 

The existence and the origin of the w^corrected 
ooioar being thus clearly established^ it becomes 
k^Uy interesting^ to enquire into the cause of thi^ 
inationality of the coloured sipaces. The im- 
provement of the achromatic telescope; ind?edf ia 
iarolved ift the ifiqui]fy,,and it depends iqpon the 
ooDclunons to wU6h we arriTe» whether we^ shall 
obtttn an i^qporoQumate coinfeeticm for ajl the re- 
maining errors of the inettrutnent, or abandon eve- 
ry hope of ita future implovement. 

Boscovkh, Dr Blair, and Dr RoUson, the only 
ptailosapihcrs wh6 have wifitten upon this subject, 
maintain, that the inequality of the coloured 
spaces in dififeient spectf a, arises from a particular 
quality inherent in the bodies by which they are 
foermed ; and they suppose, that these bodies pos- 
sess tins/quality in different degrees, in the same 
Buumer as ^xy dilfeir from each other in refrac- 
tire and'dkq[)ersive4K>wer. *^ If the case of un- 
proportional dispersion," says Dr Blair, '' ^ould 
be found to hold true in fact,, we shall arrive at 

this new truth in qitic0» that though in the re 

1 
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fraction of a pencil of solar lights made in the con* 
fine of any medium, and a vacuum, the deep red 
rays are always the leaist refrangible, and the 
violet rays are always the most refrangihle ; yet 
it depends entirely on the specific qualities of the 
medium, which shall be the mean refrangible 
ray ; the very same ray which in the refracticm 
through one medium is the mean refrangible 
ray, being found in others amon^ the less refran^ 
gible rays,** 

^ There is no doubt among naturalists," says 
Dr Robison, '< about the mechanical connecti(m 
of the phenomena of nature ; and aU are agreed, 
that the chemical actions of the particles of mat* 
ter are perfectly like in kind ta the action of gra- 
vitating bodies ; that all these phenomena are the 
effects of forces like those which wb call attrac- 
tions and repulsions, and which we observe in 
magnets and electrified bodies ; that light is re^ 
fracted by forces of the same kind, but differing 
chiefly in the small extent of their sphere of ac- 
tivity. One who views tilings in this way will 
expect, that as the actions of the same acid for the 
different alkalies are different in degree, and as 
the different acids have also different actions on 
the same alkali, in like manner different sub^ 
stances differ in their general refractive powers. 
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and ftbo in tbe prc^rttom of (heir action on the 
4ifferent^i^l4bufs. Nothing is more unlikely, there- 
fidre, tibs^n^e propofttonal dispersion of the diffe- 
rent colours by different substances ; and it is sur- 
prising that this inquiry has been so long delay- 

ea." 

When this subject first excited my attention, I 
imagined that the inequality of the coloured spaces 
was produced solely by a difference in the refract- 
ing angles of the prisms by which the equal spec- 
tra were formed ;-^an opinion which, to a certain 
extent, was founded on unquestionable principles. 
But though I have been driven from • this hypo- 
thesis by the result of every experiment, yet it 
will be seen, in the sequel of this Chapter, that 
while an inequality in the coloured spaces, and 
consequently a secofndairy spectrum, is produced by 
a difference or action upon the different colours, 
there is also another inequality in the colorific in- 
tervals of an opposite nature, and consequently 
another secondary spectrum arising from the dif* 
ferent circumstances under which the primary 
spectra are formed. 

As the existence of this new secondary spec- 
trum, or tertiary spectrum, as it .may be called, 
may be deduced from optical principles, we shall 

first consider, theoretically, the changes produced 

1 
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Upon the coloured spaces by tibe diffetent eitciaii* 
stances under which the 9^ectnim is fiMrow^. atfd 
then compare these deductions with the results of 
experfaneot. 

Now, there are four dilSS^^it ways in whi^ a 
spectfuni of a given length may be produced by 
^efferent bodies. 

1. The given ipectrum may be f<mtted 1^^ 
prism of a; substance, which hts a very h%b dis^ 
persive, and a compArativdy low rrfrdetive-power. 
Such a prism, therefore, will {nroduce the given 
spectrum by a small refracting angle. A spec- 
trum is formed, in this manner, by oil of cassia* 

2. A spectrum of the same length may be 
formed by a prism of a substance that has a vtery 
low refractive power. It must therefore be pro« 
duced by a very great refhu^ting angle. This 
will be the ca^e with fluor spar. 

8. A spectrum of the same length may be ftcm* 
ed by a body which has a low diq)ersive poiwer^ 
and a very high refractive power. A small aolgle^ 
therefore, will only be necessjuy in this case. This 
will happen when the spectrum is formed by dia- 
mond. 

4. A spectrum, of a given length, may be fmm* 
ed, by diminishing the angle of incidence ad thefixsfc 
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MarSacB of' the pmm, tt> ti»t the gref^t^t refrac- 
ti0ii may be produced at the second mirfacew 

Theireiare various inten^jGdkte cm^umstaaoes^ 
approaching nittire or lests to one of these four 
eases, under IrMch a sinular speotnun may be 
produoedf as in the case of topaz, which, has a 
great refractire power, but where the dispersivie 
power is ISO very low as still to requite a laige.rer 
finncting angle for the formation o[ the spectrum^ 
These eases, however, do not require to be par* 
ticularly noticed. 

In order to understand the variations which the 
ipectnim undergoes when producedunder different 
drcnmstances, let AO, Hate XII. Fig. 2, be a ray 
of light incidemt almost perpendicularly upon the 
refracting sui&ce £F, and let it be deflected from 
its original path AOP, and separated into its com^ 
ponent parts, so that OR may be the extreme red 
or least refrangible ray, and OV the extreme violet 
or most refrangible ray. Bisect the angle ROV 
by the line OM, and from the points R,'M, Y .draw 
the lines Ra, Mb, Vc perpendicular to OS, and 
AB perpendicular to OT. Then if EF is the sur« 
face of a glass medium, of which the index of re- 
fractbn is 1.548, we shall have, whefn AB is equal 
to 12, Ras7.80, M6s7.7fi, and yc=7.70. As the 
sines do not increase uniformly, biit suffer a gra* 
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dual diminutioii, wliife the -c^iiTespcHiding arches 
are regularly augmeiited, the ^fl^reBc&Luofthe 
sines of equidifRerent -arcs are not equal/ and tUere-- 
fore the value of Mb must be a litt«le greater th^u 
7.75 ; but as the arches RV and MS decrease, this 
inequality in the differences of thesines gradually 
diminishes. We may therefore safely, assume; tha^t 
in small angles of incidence, "Ra^^MbssMlh^Vx, 
and consequently that a ray OM, whose m»e 
of refraction is 7-75, .bisects the angle ROV 
formed by the extrenie rays, and isL therefore the 
mean refrangible ray of :the spectrum RV. 

If another ray of l^t CO, moving in the dire^- 
tion (X>jp, falls upon the same surface at O, wi^ 
a very great angle of incidence, it will form the 
spectrum rv considerably larger than RV. . Then 
if we draw from the points C, r, and v^ the lines 
CD, rdf and vf perpendicular to TOS, and sup- 
pose CD to be 48, or quadruple of AB, we shall 
have, from the constant ratio of the sines of inci- 
dence and' refraction, rd=: 7. 80X4=81. 12, and 
v/= 7.70x4=80.80. The ray MO,, which in the 
former refraction was the mean refrangible ray, will 
have its new sine of refraction me=7.75 x 4=81.00, 
and therefore, from the retardation in the increase 
of the sines, the point m will not be equidistant 
from r and v, that is, the ray Om, which was for- 
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merly the mean refrangible ray of the.^ectarum, 
will now be nearer the extreme violeit Op^ .while 
one of the least refrangible rays will .Msect the 
Spectrum, or have become the mean refrangMe 
ray. Htoce it follows, that in all refractions froia 
a rare into a dense medium, the rbd anci? green, or 
the least refrangible rays, are expanded by increas- 
ing the angle of incidence, while the blue arid vio- 
let, or the most refrangible rays, are contracted. 

The contraction and dilatation which are thus 
experienced hf the most and the least refrangible 
rays, may be easily tfound by determining the de- 
viation of the mean ray Om, from the line OL, 
which bisects the spectrum rv. For this pur- 
pose, let 

a =r Angle of incidence COT. 
r z: Index of refraction for the extreme red ray. 
V r= Index of refraction for the extreme violet ray. 
jr=z Angle of refraction for the extreme red ray. 
y =z Angle of refraction for the extreme violet ray. 
2 =: Angle-of deviation of the mean ray =m OL. 

Then, in refractions from a rare to a dense me- 
dium, we have 

r : 1 s= Sin.. a : Sin. x, and 

f.. Sin. a 

Sm. X := 

r 

t; : 1 =: Sin. a : Sin. g, and 

^. Sin. a . . . . i 

^ . V 

t: * : 
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. Bm fr9m tb# coMtftftt ratio of tbe siiies^ the 
ny OM» wfaidk ww tke mdm nSmmffbl^ ny. oil 
«. Tcay small ang^e. <^ jfefrftctioii^ wfil have its 
auie OB arithmetical mean. between. Sin. «.aa4 
SiD*y« Hence, 

-3 — I- -g— > which we may call sin, ^, . 

will be the sine of the ray that was formeriy the 
me^n ray. SinceA therefore^ ... 

^ C3 the ao^ m O «^ and 
^^i* S5 tf O L is r O L, we.hfevc 

2 

If we suppose 

a = 90% so as to have the greatest refraetion. 
r = 1.55842 

V = 1.53846^ we shall have 
X = 39** 55' 0".8 
y=:40 32 29-8 
^ — x= 37 29.0 

^^4^ as 40 IS 45,3 
2 

^=t 40 18 4f.7, and 
2 = 2''.6 

The red and green rays, therefore, will b6w 
subtend an angle of 18' 47''#1, while the blue and 
violet subtend only an angle of 18' 4I''.9. 

* If EF, Fig. 9. is the boundary of a rare medium 
such as air, and if the refraction i^ made from glass, 
it will be found by constructing the figure for this 
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new citse, tbrnt the meih refrangible ray approached 
to. the r^ extremity of the sq[iectnim, as the a^gle 
of refractioa is increased4 and hence, it folloirsy 
that in all refractions, from a cknseirUo a rare me-* 
dium, the red and green^ or the least refrangible 
rays^ are oowtMcied by increasing the refiAetion^ 
while the hlne and. violet^ ar the most refraafigibJe 
rays, are expand^ 

By ^nploying the same symbols that were used 
in p. 96^9 we shall have, in the case of a refrac-^ 
tion from a dense into a rare medium^ 

1 : r =: Sin. a : Sin. x, and 

Sin. X =s Sin. a y, r 
1 : V =r Sin. a : Sin. y^ and 

Sin. y =: Sin. a X v« 

Hence, 

Sin. a yir ^ Sin. a y^v ^i- « 

.-|-+ -|— = Sm.ftand 

y + X 
Assuming 

a = 40*^ 5J2' S9".8> so as to liave the grefttest possible 

refraction for the Una rays. 

© = 1.53846 

r = 1.55342^ we shall have 
j = 90* 0' O*' 

2 

<^=s 831? «9' 13^5, and j 
% s 1* 54' 18^3^ or the maximum demtion ^ the 

mean refrangible ray. 
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The red and gceen half of the spectram will con- 
sequenUy subtend an angle of 2"* 42^ 9^9» while 
the blue and violet half subtends an angle of 
6"" SO'4s6\5. 

Since the angles of rrfraction of the extreme red 
and violet rays are always greater than the angle 
of mddence when the refraction is made from a 
dense into a rar& medium, and less than that 
angle when the refraction is from 9 rare into a 
dense medium* it follows^ that when a pencil of 
light is refracted at a given angle of incidence 
from a rare into a dense medium, the expansmi 
of the red rays will he less than the expansion of 
the blue rays^ or th^ corresponding contraction of 
the red rays, when the refraction is made at the 
same angle of incidence from the denser into the 
rarer medium. 

The contraction of the least refrangible rays, 
and the corresponding dilatation of the most re- 
frangible rays, when the light passes into a rarer 
medium, will be more easily understood from Fig. 
3. Plate XII. where CDE is a prism of glass, and 
AB a ray of light incident at B, with s^uch sflk an- 
gle that the mean ray Bm, which bisects the angle 
vBr, formed by the extreme red and violet rays, 
in consequence of the refraction at B, shall fall 
perpendicularly upon the second surface £D. In 
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this cigJ^ tte ejttfem<g trioA^t my tlfr wni iiall 
upon Utt second surfucef, &t ttik same dhgl^ df in- 
ddeiice with t^ iektreiiie red ffiy Bf : The meaii 
My Bm» KTiU pftd$ on 1ft theflii^^ctioii ^M, wif hofit 
stifferillg Bhy tefrk<ition\ and as the tiolet my iiv 
is tttore l^gf^nglhle than the' ted tsy Bf, it #ilt 
be more deflected from its original path B a, tha'fi 
. the r^d ray will bfe fVoum itd jpath Bb; a%fd ton- 
seqiftoily the afigte Vt^ii b^iffg gfeat^r ffia'ft 
R r &i and €t BM :s 6 BM, the My Blif , Which W^ 
tiie mesff ray after ihe first refyactiofi, wSl be 
nearer to the i-ed extreMity R of tte' s^tifi»fn; 
andthe Idabt refrangible rayi wiQ hUve t^peri- 
endsd d contraction, dad the moi$t refhbigitfle r«^ys 
a c bA e q wiMiAiag dqgiee (Hf dilai»tiotf. 

WlKn «he' l%ht, therefore. Is liransnlittefr 
tU^itgh « prism, the red rays will be expailded 
at the. first refra^kn, alid contraetied ^ tiie de- 
cond ; hat as the kagie df ^efiraictiDn' is ateibst id- 
wttfs greater at the secbnd surface, imA as the 
spebtmm* is prodveed chicffly by iEe sfecofid re- 
fractidn, the eoniractioa of the red tkys' wfM' 
alwa;^s greatly exseeed thehr dilatation: Hentt^e it 
foHbwis; that, iy refrmilkm (hr&i^ a prising tki 
red! fiy$ wre cMtmcted Md 1h4 violet td^ ea^mt' 
ed^ Md ihrir conbraetiM and dikitatum tnc^ed^i^ as 
iM» f^aetk^ aii^U (tf the pti^^ 

2a 
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From similar reasoning we may conclude, that 
the contraction of the red and the expansioa of 
the violet rajd by. any prism, will be increased by . 
making, the incident rays fall more peip^^cu'^ 
larly upon the first surface, so that the gr^ate^it; 
refraction may be produced at the second sur- 
face. 

Let us now consider the nature of the^ spec^ 
trum produced by a high refractive power, as in 
the case of diamond and some of the: preipious 
stones; and let us compare it with an equal spec- 
trum produced by a large refracting angtie, the 
dispersion in both cases being supposed:the same. 
Upon the surfiace EF, Plate, XII. Fig. 4i of a 
dense medium, with a low refractive power, let a 
ray of light COp be incident at. O, with a very 
grent angle, so as to form, in consequqnce of the 
magnitude of this angle, the. spectrum r.mv. The 
red and green rays in this spectrum will be pbvi- 
ously expanded, and the blue and violet ones con- 
densed. If EF is now supposed a^ medium of a 
very high, refractive power, such as diamond, \but 
having the same dispersive power as before, then, 
in order to produce a spectrum. equal. to rwv, the 
ray must be incident at a very small angle AOT. 
Since the dispersive powers are assumed equal in 
both cases, the angles of deviation rop^ ROP» 



f 
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and V op, VOP, will be equal ; and therefore RV 
will be the spectrum formed by the high refrac- 
tiire power. But in the spectrum RV, owing to 
the unequal increase of the sines, the mean re- 
fran^ble ray, whatever it is, will be nearer R 
than in the spectrum r v j that is^ the ray OM, 
which bisects RO V, will have the position O m 
near^ to v than to r. It follows, therefore, when 
the refraction is from a rare into a dense me- 
dium, that in a spectrum formed by a high refrac- ' 
Hve power, the red ^ and green rays will be less 
expanded, and the blue and violet less contract- 
ed than in an equal spectrum produced by a great 
refracting angle of a substance with a low refrac- 
tive power » 

If we construct the figure for the case where 
the refraction is made from a dense into a rare 
medium, it will be found, that in a spectrum form^ 

4 

edby a high refractive power, the red and green 
rays will be less contracted, and the blvb and vio- 
let less expanded, than in an equal spectrum, form- 
ed by a great refracting angle of a substance with a 
low refractive power. 

Although the preceding deductions are suffi- 
ciently clear and simple, yet, from the importance 
and difficulty of the subject, I was anxious to con- 
firm them by the evidence of direct experiment. 
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The extreme delicacy of such experiments, however, 
arising from the almost evanescent magnitude of 
the uncorrected fringes, fenders it difficult to. ob- 
tain results that inspire confidence; and Jiad Inbt 
fortunately detected the singular disp^r^ing {>ow^ 
possessed by oil of cassia, I should have abandon- 
€d the enquiry as beyond our means of investiga- 
;tion. To attempt to determine by the unasdsted 
eye, the relative proportions of the coloured spaces 
in different spectra, is to use an instrument where 
the error of observation exceeds the actual re- 
sult. To ascertain the relative magnitude d 
the uncorrected fringes produced by combinations 
of prisms of crown and flint glass, or other snb- 
stances that do no. differ .e,y widely io disp«. 
sive power, is a measurement beyotod-the grasp of 
the most accurate observer ; and to magnify 4}6e 
effect by forming the Jsu1l»tances into ^chtomatic 
object glasses, was to adopt a plan attended with 
great expence and labour, and aj^licable only to 
transparent fluids. ' 

The hiigh dispersive .power of oil, of cassia, Wihfch 
is nearly seven times greater than that of cryolite 
and fluor spar, and is accompanied with a com- 
pairatively low refi>active power, r^liev^s us frbm 
•all these embarrassmestts, and gives' us the com- 
mand 4>f ^ scale of very unusual magnitude, i 
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therefore cMsi^ered tbe proportiicm of the colour-* 
ed ^^09 in a $pe.ctmm produped by this oil as a 
Stan4iffd to, which itheir proportions in other spec* 
tra iiv%htl^;refen:e4; and, with a few exceptions, 
which will alterwa^ds-be stated, I have uniformly 
found, from the; magai^ude and position of the un- 
collected fringe^^ that in the spectrum produced 
by bodies with a high* dispersive power, the least 
refrangible or red rays are most contracted, and 
the violet rays most expanded ; that with prisms 
oi the same substance, the red rays are most con-* 
tracted by a large refracting angle ; and that this, 
contraction is still farther increased, by diminish- 
ing the angle of incidence at the first surface* 

First Sebies. 

Exp. 1. When the dispersion of a prism of wa« 
ter, with a refracting angle of about 68% is cor- 
rected by a prism of oil of cassia, with a refrac- 
ting angle of about 8"" 1 6', the bar of the win- 
dow^ when viewed through the combined prisms, 
is tinged on one side with a very broad fringe of 
wine-coloured light, and on the other with -^ si- . 
milar fringe of a brilliant green, the green fringe 
being on the same side of th^ l^r with the vertex 
of, the t)il of cassia prism; 

Exp. 2. When the, (Ji.^rsion\of a prism of 
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crown glass having a refracting angle of about 
4iV 11' is corrected by a prism of oil of cassia, 
with a refracting angle of 8° 16', the uncorrected 
fringes are a little narrower than in Exp. 1. and 

r 

the green fringe is on the same side of the bar as 
the vertex of the oil of cassia prism. 

Exp. S. When the dispersion of a prism of flint 
glass, with a refracting angle of about 23*' 26', is 
corrected by the prism of oil of cassia of 8® 1 6', 
the uncorrected fringes are narrower than in Exp. 
I . and 2. and the green fringe is on the same side 
of the bar as formerly. 

Exp. 4. When the dispersion of a prism of rock 
crystal is corrected by a prism of oil of cassia^ the 
uncorrected colour is greater than in Exp. 1, 2, 
and 3, and the position of the green fringe is the 
same as before. 

Exp. 5. When a prism of rock crystal is cor- 
rected by a prism of flint glass, the uncorrected 
green is towards the vertex of the flint glass. 

Exp. 6. When the dispersion of a prism of blue 
topaz is corrected by a prism of oil of casiSia, the 
uncorrected colour is nearly the same as in the 
preceding experiment, the green ifringe having 
still the same position. 

Exp. 7. When the 'dispersion of a prism of 
fluor spar is corrected with a prism of oil of cassia. 
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the uncorrected colour is very .greats the positicm 
of the green fringe being the same as formerly. 

Exp. 8. When the dispersion of a prism of dia- 
mond is corrected by oil of cassia, the uncorrect- 
ed edloup'is nearly as great as in Exp. 3. with 
flint glass, the position of the green fringe being 
the same. . * 

Exp. 9. When a prism of opal coloured-glass is 
corrected by oil of cassia, the uncorrected colour 
is less than in any of the preceding experiments, 
the green fringe being on the . same side of the 
bar as before. 

Exp. 10. When a prism of balsam of Tolu is 
corredted with oil of cassia, the uncorrected fringes 
are much less than in any of the preceding expe- 

• • • 

riments, the green fringe having still the same 
position. 

If all the preceding experiments are repeated, 
by substituting balsam of Tolu instead of oil of 
cassia, the results will be nearly the same, with 
this difference only, that the uncorrected fringes 
will be narrower and less distinct. 

Exp. 11. When a prism of crown glass hals its 
refraction corrected by a prism of flint glass, the 
uncorrected green is towards the vertex of the 
flint glass prism. 

The red and green spaces are, therefore, more 



cpiitF9pte4 in the spec^r^m forpied 1^ the ftal* 
glasf , t^fp ip th^ sp^rmn formci4 ^ th^ crpwii 

^XP |g. W^m » PrisiR of Tftgk QffSlaJlilL COTr 

rfsc^d with a pjrisnoi of qrowsi gl49& tii^f^, imc^iMrrecstr 
ed.grepp frinfft is tftwarijs the Vf»te;s^^f 4l%6 €rQfl^9 
glass prism. 

As thjg uncpw^te^ grepij \9 9liwe».*QWW^ the 
vertex of the pri^m tM giv§s th^ grea^^ ^p]p^ 
tr^ctifltt tp th^ ?wl Wd gijeeijt, r^,», th^ ^ejt^JPW 
foji^ed bx ropjk: gry^tpl ^^ i<|?;r§d ^iid jyeeB s^ag^J 
more expanded than those of the crow^g;|^$( sp^ 

^xp. IS- Whep the s|^|iiii)jp/?nppwa:Qf mur 
riatijp acid is corrected by aprisopi of cf'Qwn gla^fg^ 
the un^^of rected gfeep is towi|rfls the ¥e|tex of t)fip 
crown glass. 

ll^ce,. Ith^ red ^nd green spaq^ are mpre. ex- 
panded in ^e ^ectrum form^ed by the quffriati? 

siass. 

Exp. 14. When IBM jiatic ^id haft i*S «>^tiWP 
corrected by a {^ism of rpck crystal, the ijflcor- 
i:€cted green ig t^wafds tjie Tart§^. ^ tiptp gi^ga, <rf 
miiri^tip ^id. . 

' Hence it follows, that the red ^d^ green spA(^f> 
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Jc^D^- bjT tbe r^k qrjMtfii* are m^^ expanded 
than in the spectram foirin^ by tbis muriatic acid 

j^xp. 15* Wh^n a pri^m of oil of l^vendex is.cor- 
fe^^d bf a prifipi of fti^t gl^fs^ the uncorrected 
green is towards the vertex of the oil of lavender. 

Th^ red and green spaces, are therefore more 
({Qfrtr^cted in tbe ^peptrupi foi^med by. the oil of 
l^vend^) iihan in the i^pectnun fitn^med by the 

flint gl939- 

Exp/ 16. When a. prism of oi) of lavender is. op- 
posed. *by a j^ism of crown glass^ the uncorrected 
^een is: tiQwards t^ vertex of tiie oil of lavender^ 
and the fringes are broader tj^n m £xp. 15., 

Exp. 17* When oi) of lavender oji^^oses balsam 
of Tohi, tbe uncorrected green is towards the 
vertex qf th^ balsam of Tolu* 

£xp; 18. When oil of lavj^nder is corrected by 
oil of cas^ia,^ 1^ upcorrected green is towards the 
vertex of the oil of ca£i9ia. 

•Bxp. 19. When oil of sassafras opposes oil of 
cassia, tl^e ux^orrected green is. towards the ver* 
t^f^ qf t^^ o|\ of cassia* 

Exp. 20. Wh|^ oU of s^^safras opposes babam 
of Tqluy theuncorractQd green is towards the ver^ 
tex of the balsam of Tolu. 

Btp. 21. When oil of sassafras opposes flint 
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glass, the uncorrected colour is towards the ver- 
tex of the oil of sassafras. 

Exp. 22. When oil of sassafras opposes crown 
glass, the uncorrected green is towards the vertex 
of the oil of sassafras. 

Exp. 23. When flint glass, with a refracting 
angle of 41**, is corrected by crown glass, with a 
refracting angle of about 69"^, the uncorrected 
colours are remarkably distinct, and the green 
fringe is towards the vertex of the flint glass. 

Exp. 24. When crown glass corrects a red co- 
loured glass, the uncorrected green is towards the 
vertex of the red glass. 

Exp. 25. When flint glass corrects red coloured 
glass, the uncorrected green is towards the ver- 
tex of the paste, though it is not easily seen. 

Exp. 26. If balsam of Tolu is corrected by gum 
arable^ the uncorrected green is towards the ver- 
tex of the balsam of Tolu. 

Exp. 27. When gum ai^bic opposes flint glass, 
the uncorrected green is towards the flint glass. 

Exp. 28. When gum arable is corrected by to- 
paz, or by rock crystal, the uncorrected green is 
towards the gum arable, the fringes being broad- 
er with rock crystal. 

Exp. 29. When gum arable is corrected by 
crown glass, the uncorrected colour is extremely 
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small, and the green appears to be towards the 
crown glass. 

Exp. so. When oil of cummin is corrected by 
. flint glass, the uncorrected green is towards the 
oil of cummin. 

Exp. 81. When oil of cummin opposes balsam 
of Tolu, the uncorrected green is towards the 
balsam of Tolu. 

Exp. 82. When oil of cummin is corrected by 
oil of lavender, the uncorrected green is towards^ 
the oil of cummin. 

Exp. 83. When calcareous spar (1st refraction) 
with a refracting angl6 of 68^^ 30- is corrected by 
flint glass, with an angle of about' 65**, the un- 
corrected green is towards the vertex of the flint 
glass. 

Exp. 84. When calcareous spar (9d refraction), 
with an angle of about GS^'i opposes crown glass 
with an angle of 41° 11', or 69% inclined so as 
to increase the dispersion, the uncoiprected green 
is distinctly towards the vertex of the crown glass 
prism. 

Exp. 85. When calcareous spar (2d refraction), 
with an angle of about 42% opposes crown glass 
with an angle of C9% the spar being inclosed so as 
to mcrease the dispersion, the uncorrected green 
is towards the calcareous spar. 
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with an angle of about 42'', is inclined so astq 
espial the dispersicm of crpivrn glass with an angle 
of es'^,. the uncanrected green is tbwwds the cal^ 
careous spar. 

Exp, 37. When calcareous spar (Ist apd.Sdre- 
fraf^tioi^), are qDirected by rock crystal and by^tOh 
pazy the uncorrected green is in both cases ton 
wards the cidcareous spar, . 

^XF. 38. If leuiute is. corrected by. flint and 
crown glass, the uncorrected green is towardU the 
glass, aiui.when corrected by topa^, the uncor* 
rected green is towards the leuipite. 

Exr. 39. When beryl is opposed to flint and 
cTQwa.^ass, the uncorrected green is towards the, 
glass. 

Exp. 40. When toui'maline opfoses flint and 
crown gl<u»», the unporrected green is towwds the 
glass. 

Exp. 41. If borax is corrected by flint and 
crown g}s^9 the uncorre^^ted green is towards the- 
glass. 

£xp« 43» When selenite is opposed to flint i^d 
cioyfvn glass» the uncorrected green is towards th^ 
glass; and when opposed to topas&f.the uncorrect*. 
ed gree^ is towards the selenite. 



' Exp. 43. If citric acid is corrected bffiint glass, 
the uncorrected green is tawarck the flint glass. ' 
Exp. 44. Wheil gam juniper is opposed td 
erowh .glass, the uncorrected green is towards the 
gum* 

Exp. 45. ,Wli^ Canada btdsam h corrected by 
flint glass, the uncorrected green is towards the 
balsam. 

jSxp. 46. When carbonate of lead is opposed to 
oil of cassia, the uncorrected green is towards the 
oH of cassia. 

Exp. 47. When earbonate of lead is corrected 
by balsam of Tola, the uncorrected fringes are 
very small, and the green one is towards the bal- 
aam. 

Exp. 48v When aolpfaur is corrected b^ crown 
glass, the uncorrected colours are nearly as greiit 
as in Mxp. 9. the green being towajtls the oil. 

£xp. 49. When si^phur is conrected with oil ^ 
cassia, no uncorrected colour is visible. The angles 
of .the pi:biQ9 werie in this experiment very small. 
Exp. 50. When oU of cloves is corrected by 
flint glass, Canada balsam, and oil of lavender, 
th^ uncorrected colour is, in all these cases, to- 
wards the oil of dopes. 

Exp. 51. Wheo oil of idoves is corrected with 
oil ^f sassalrast and oil of cuoimin, the uncorrect- 
ed green is towards these oils. 
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Ex P. 62. When oil df turpentine id corrected 
, by flint glass, the uncorrected green is towards 
the dyi ; Imt when it is corrected by oil of sassa- 
fras, oil of cloves, and Canada balsam, the un* 
corrected green is towards these three fluids. 

Exp. 53. When sulphuric acidjsccwrtected'by 
crown glass, the unoorreetediringes are very great, 
the green being towards the crown glass. . 

ExPi 54. If the sulphuric add: is opposed by 
rock crystal, the unciorrected green is still very 
great, the green being towards the rock crystal. 

Exp. 65. When water corrects the sulphuric 
acid, the uncorrected green is towards the wa- 
ter. 

Exp. 56. When fluor spar opposes the sulphu<^ 
fie acid, the uncorrected grecfn is towards the fluor 
spar; 

Exp. 57. Wh^i muriatic acid corrects the sul- 
phuric acid, the uncorrected green is towards the 
muriatic acid, 

Exp. 58. When rock cry stal is corrected by wa- 
ter, the uncorrected green, which is very small, is 
towards the rock crystal. 

Exp. 59. When alcohol i? corrected by water, 
and by muriatic acid, the uncorrected green is in 
both cases towards the alcohol ; and when it is' 
corrected with crown glass,* the uncorrected co- 
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Idilrs are scarcely perceptible^ the green being ra- 
ther towards the crown glass. 
, JSxp. 60. When ether is cwrected bj alcnhol^ 
no uncorrecied .colour is Visible. 

SscoNp Sebibs.' 

Exp. 61. If a flint glas9 piisniy witib an ai^e 
of 41^ 1 ]', is corrected with another prism of flint 
glass, with an angle of 60^ fi', the first being m- 
clined to increase the refraction, uncorrected co- 
lours are distinctly risible, the uncorrected green 
being towards the vertex of the smaller prism* 

Exp. 62. When a flint, glass prism, With an 
angle of SS** 54', is opposed to another prism of 
flint glass, of 66° 2', the first being inclined to in-: 
crease the dispersion, the uncorrected green is to- 
wards the vertex of the smaller prism. Botfa< 
these prisms were made of the same piece of 
glass. 

The two preceding experiments being repeated 
with various prisms of flint glass, I always found 
that the prism with the smallest angle, which Was 
inclined in order to Increase the dispersion, had the 
uncorrected green towards its vertex: and what 
was still more singular, the colourless pencil was still 
considerabfy refracted from its original directum, ty 
the prism with the largest rejhu^g angle. 



884 ACCOUNT OP >irriiniovEMEWT Bt)oic v* 

iSxp. *S. WhOTi apnsm of rock crystmlv wilfc 
a refracting angle erf* ^^ 1M'» was corrected bjr ei 
prism of rock ciystal, witii an angle of abont Yb^ 
the first being inclined in order to kicrease tlie 
dispersion, the uncorrected green is towards the 
vertex of the pristh with the least angle, the co- 
lourless pendl being t^onsiderably refracted by the 
)te*gest' prann. 

When the two prisms of rocfc crystal have their 
angles ^S" 98', and 41^ iSO', there b still a very 
eD»eM^rable balance of refraction in favour Df <to 
larger prism, after the dispeisiod is complietely 
corrected. 

Exp. 64. If a pridih of plate jgla^d, With a small 
angle^ is corrected by rock crystal with d iaig6 
angle, tiM^ first being condderaUy iiicKntd, the 
uncorrected green is towards the vertex of the 
plate glass prim. 

Exp. 65. When balsam of Tolu 8% is incfiaed. 
so iis to be coitetted bjr flint gliss %&" fi', thd tin- 
corrected colour is ehptincmii. 

I'uiBD Series. 

Exp. 66. When crbwn glass,, with an angle #f 
41^ 2 1', is inclined so as to be corrected b|r flifit 
glass de'*!^ the uncorrdcted gt^ is \a*mdA tibe. 
vertex of the eroWn glass« 

Exp. 67. If a prism of crown glass, with an 



«gleflf41Ml^naKlia^^ M as to h& tocrMAA 
Iff flhit glatB HO"" M^ the oteoriMted peHk k i<)« 
wards the na*tesL of tbe flint gkttl 

EsLP^ 08. If tlie lame ftf ism of tmwn gUm h 
inoluied^ so m to be cofrectdd b^ flint ghsM \tifcb 
da «af kf of about 92% ao tfncontecttd.eolaur is 
visibkL 

Exp. eld. Wbift a prina of rock cvysttiU ^titb oa 
aa^ of 26^ fi»^ !d fai^lifted, so as to be coneetei) 
bf a prtotA df fltnt glad9 tritb aa aa^ of oo""^ 

the uncorrected gt^h U MW»i§ tbo vortex of 
the rock crystal. 

It t;ppmx!Sf from tke flf Hft series (tf th6se expe- 
riments, from No. 1. to No^ 60. inohiislre^ t&at 
the coloilmd ^ifacttf have a different proportions 
in equal spectra^ fei'aied by almost all traasfa tf ent 
bodies. Tid« taflation in the Iftagnkude of th^ 
coloured spaceH, id bbviously pfOdfutttd hf a differ- 
ence in the actioft of the refhicfing' Sfirbstahces 
apon the differently, coloured rays ; for the e#ect 

, of an augmentatioti of the refracting angf e of the 

prism, in contracting the red and green, and ex- 

pandiag the blue sfaces, is of an opposite aature 

from that wtaob.u^ actually produced* 

Frran a compaHion of the dfiffwreait experi- 

, ments^ I lave diMTn up the followifeg Tible, 

2b 
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which w91 shew with, toferable correctness, the 
effect of different bodies upon the differently co* 
loured rays. The substances are arranged in-* 
versely, according to their action .on green light'; 
that is, those at the. top of the Table form spec- 
tra, in which the red and green rays are most 
contracted, and jthe blue and violet ones most ex-* 
panded. In these spectra;, therefore, the green 
rays are nearest to the red extremity, and are» 
consequently, less rt^fracted in proportion to the 
refraction of the other CQlour^t 

4 

} 

Table, shemng the Order of the, Substances that 
farm Spectra, in which ff^ Red and Green 
Spaces are most contracted. « 

Oil of cassia. Oil of almonds. 

Sulphur. Cro'wn glass. 

Balsam of Tolo. 



Carbonate of lead. Alcc^olt 

Pil of ^nise 8ef^d$. ^ther. 

Oil of sassafras. Leucite, 

» • • • X * 

OpaUcoloured glas^. Blue topaz. 

Oil of cummin. Fluor spar. 

Oil of cloves. Nitrous acid. 

Oil of lavender. Muriatic acid. 

Canada balsam. Rock crystal. 

Oil of turpentine. Water. 

Flint glass. Sutphuric acidi 
jP^lcareous spar, 
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the prece^liig Tables t^he-foUotiriAg conclii^ 
oioiis may..be d»wn ; 

1 • The - a£tioB: i>f tritnipp^rent suhstaaces oa the 
garec^.r^js, ^MBUiisbes as their dispersive ppwer 
increased. 

' .:<2. The exceptions to- this. law are, oil of cloves, 
oil of lavender, Canada balsam, and oU of. turpen^, 
tiA^, which |ia>ce a less action, upon, th^ green rays 
than; j^iint glass^ though they are inferior to that 
substance in dispersive power, 'f'he muriatiq^ 
andlhe nitrous acids, for n^ another -• ep^jceptiop, as 
their action upon the green rayi| exceeds that of 
CTi^n ^asf^f though they surpass it iq dispersive 
powj^r, ^ ^^Inor spa^ roq^, crystal, water, and sul- 
phuric acid) must also be considered as^ excepr^ 
tions. 

. S. The sulphuric f acid exceeds all transparent 
substaiices'that hs^ve hitherto been examined in its^ 
aation upon the.greeq r^ys, whijei^he^ oil of cassia 
exerts the least action upon them of any l^nown 
subi^tance. Thftse two substapces, therefore, might 
be employed to great advantage in the construc- 
tion <^ fluid object glasfos, in Qrder to correct the 
sefcondary spectrum.. 

: In performing these experiments, it is necessarjf 
that the prisms should have large refracting angles, 
W order to incref»ethe^uncorrected fringes ; and^ 



B8§ iiccouKT 6f AV ittritdViiiilirr toot ir« 

for the i^uTpode of timgaSfymg ih^ft u tA^tib m 
possible, the window bar> al^ se^ti 4Jiroii|fb tiM 
combiiied piism§, should be ealamiMd wiik ^ siiiall 
teledcope, having a mogfiifying^ power df t«i| or 
twelve times. 

When the std)Stanee$ whitih fti« employed .to 
edrtect each other'g dispeMlon, differ eemiridemlriy 
hi Aspersive power, a Iai]g;e iingle of the.dne wfti 
sometimes be opposed to a mmll a»gk #f tM 
other, as in £xp. 50, where fhior spAr % e<Mkibi^ 
ned with sulphuric iidd In this enM^ th« ldrg« 
^ngle of the fluor spar pradttees a toiidl tertiary 
spectnmi, whidi may eitiier Uu^rease or dimifti^ 
the e^ondary spectrum, and tims aflbrd aik firrot 
beous result. Thb sdurce of ern:^, however, i« 
too trifling to be noticed in general case^. 

In repeating or extending the prpeecfitig eitpe^ 
riments, a great variety of priMM with variOM 
refracting angles wiU obtiotisly be neetttiary^ 
Hiis necessity, however, may in sdme lOMstire be 
obviated, by finding the angle of <m^ pnsni whl<A 
will correct the spectrum formed by a giveit an^ 
of another, Suppose, im exattif^, that we winif 
ed to observe the uncorrected fHiigt^ fbtlMld liy 
prisms of crown and flint glassf, and that We had 
a prism of crown gla^s with a givM refractliig 
fingle: In order to ibrm these fHng«fii^ the prisitt 
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of fliBl; glu$ must hkire precisely that aiijj^ wl^ii 
will eorretit tbe 4i8fer8ioii of the crowa gla$is« For 
this purpose we may employ an instrummt wnUai' 
' to that which has been described in Book I Y. Chap^ 
III. and thus obtain the required angle by direct 
experiment. This instrument will also show us, 
whether or not there is a balaned of refraction in 
favour of any of the two substance$, and^ conse-^ 
^ntly, if such a eoonUnatikm is fit for an adbro^ 
inatic cdgect giaas* 

The same result tnay be obtained bf ealculan 
tioii» in the follMring manner ' If A is the gK^eit 
an^ of one of the pttona, and tbe requiised 
angle of the other mibatanoe necessary to.coi:xect 
the ^spetsioB of liie fiMt> & the refnu^tion of th# 
first prism, aiid r H^at «f the aeeond; th^ w« 
shall have 

su..y.ixSfa.A,«.d 
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feam whidi « luay be etuAy foiuid.. 

When R 18 nearij «qiuil io r» m k ^6JXt»tUt 
hiaiB o€ctcm» tai flint gUtft* ir« Iwtre 

dk 
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The angle a, which corrects the refraction of an-^ 
other angle A, may be obtained froni the follow- 
ing formulae : 

cf R X Sin. A. J 

Sin* X £=s — P— , — » and 



Sin. a— '0?= 



Sin. a— T A 

— 5 — 



Ih the mea^rement of mean refractive powers,' 
the preceding results will be of great importance; 
as they enable us to ascertain, very near the 
truth, the colour and position of theray whkli 
divides^ tiie spectrum farmed by any particular, 
substance. In determining the mean reactive 
powers of chromate of lead, realgar, and oil of 
cassia, which exert such a powerful influence in 
separating the extreme rajrs, this information is 
absolutely necessary to obtaip a, correct result. 
The refractive power of the bisecting ray cannot, 
by any method^ be deduced from that of the ex- 
treme red and violet pencils; and therefore, in 
determining the mean, index of refraction^ eirery 
thing must depend upon the aqcuracy with which 
we judge of the mean ray. In a spectrum form^ 
ed by flint glass, the extreme, violet rays are suf- 
ficiently well defined, to enable the observer to 
determine with his unassisted eye the r^ by which 
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it is bisected ; but, in chromate of lead, realgar^ 
and oil of cassia, which are not very tiransparent 
substances, and which produce very large, and 
therefore very faint spectra by small refracting 
angles, the extreme violet rays cease to be vi- 
sible, and the eye is no longer able to determine 
the colour and position of the mean ray. 

The following general results will be found of 
con»derable use in the measurement of tefrac* 
tive powers, and particularly to those who may 
repeat' tiie experiments on chromate of lead and 
realgar, which have been given in another part of 
this vcdome. They are firanded on the supposi^^ 
tionj thajt, in ^ spectrum - iformed by crown glass^ 
tihe &rst green ray, or the ray which, divides th^ 
grten 4nd>Mue spaces, is equidistant flrobi tfa^ 
extreme ared and violets But^ according to Dr 
Wollaston's ingenious observations on the pris- 
matie spectruih, one of the' blue rays will proba- 
bly be the mean ray ih a spectrum formed by 
crown glass. 

1. In a spectrum fdrmed by sulphuric acid, the 
mean ray that bisects the spectrum will be nearly 
about the middle of the green space. 

2. In the spectrum formed by the muriatic acid, 
the mean ray will be about half way between the 
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of the, green qoce and the jiiMlkm 4f tlM 



giwn and blue a paces. 

B. Iti the sfMct^mi Aroftdd 1^ ciot^q glAMt tlK^ 
meiB rajr will be st the •oonfisiea pf tb^ ^mn md 
blue f paces. 

4u In a i|)«tni» foisi^ t^ flkifc glw8» tb<» 

mean ray will be id¥AnO^ a iyittfe ijvoii tih? bi«9 

$jpaM. 

S. In a ^ifi^Qtinim ftmnfd hy ml of cMi«ii» ibf 
m^m raiY will be coMJilerably a^van^ upan li^^ 
bhw5 spdpe. 

made Bp ^sp^unettU 00 i^ii^ add obmioste ^if 
k^^ Qii McsoMiit <^ tbi«r impt^pfef t tiwi^pmi^iqr;! 

fUes, Imt pai^tiOttlfurly th^ lattifpriL Mult ibe Mry 
<3qni|i4eialrfy aMi¥a(])Q^ upi^ tbe bi»e t^po^^ 

It a9P9ai»» froip tbi» EKpefMpaoni^ ^1* ^fe^ S& 

tbat tb?i? te ^ tbwd« or a /fr«i»3f, q^f^Mfmy w 
it may be called, produced by varyji^ t)|Q .nir 
(glinatiQn Vii tbe $i^ti prip^t U^ 4b« i»<?i4c»| r»ys* 

4f; this 1U8W $^^tfv«ft ip f<»iw4 vbfP itb« tw# 

prisms are m^e ou| ^f tb^ spipie wft^ftaft^^ and 
CQnseqvcwtJiy e3t«idl$fi tbe Biam^ iK:itl«n. o^ tbe dif- 
ferently coloured r^y^. it is obiriiHijily Qwms *^ 
the deviation of the mean' refrangible ray^ which 



GHAP. I* ON ACHHOHATIC TBI.«$COFE$. 899 

w^ bful before 4e4ttoed frcna the cmttrat ratio of 
tbe sifies of incidence aad refracticm. This spec^ 
Uwfn is not composed of mcb vivid colours as the 
secondwy ^ectrumi but the fringes are suffici«at«> 
Ij distinct^ and the uncorrected grem colour i$ 
always towards the vertex of tifte smaller prism, 
which is inclined so as to produce a dispersion 
equal to that of the large one. Hence it follows, 
in confi^nnity with our forn^er theoretical deduc*- 
timis, that, by increasing the refraction either by 
means of a hujge angle of the prism/ or by a 
change in its incUnatioiis the red and green spaces 
are contracted^ and the blue and violet ones ex* 
paoded* 

ThAS resultf bowevar» is conq^letdy the reverse 
of one which Dr WoUaaton obtained with a prism 
of flint glass. In the ordinary position of his 
j)rism, the green and red spaces Were to the blue 
and violet $^ce$ as 99 to &1 ; bat by altering its 
inctination so as to increase the dispersion of the 
coloi^rs^ the rod and green spaces were expanded 
to 4^ while the blue and violet ones were con- 
tracted to 58, the length of the whole spectrum 
being s&pposed to be 1Q0« We have no doubt 
that Jht Wotlaston has measured accurately the re- 
ldtiv.e magivtttdes of the two halves of theis^pectmrn 
u^der these diffbrent circumstances; but we sua- 
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\ . . 

pect that, owing to the diminution of light by in- 
creasing the dispersion, the extreme violet ray* 
were not visible, and therefore that the blue and 
violet half of the spectrpm appeared to be con- 
tracted, when it was in reality expanded^ 

The same experiments, which prove the exist-* 
ence of a tertiary spectrum, exhibit the no less 
singular phenomenon of a refraction without co- 
lour, by means of twO prisms of the same sub- 
stance. This effect, which has hitherto been con-^ 
sidered as an impossible one, appears to arise 
from the dispersion increasing at a greater ratd 
than the mean refraction, in consequence of alter^ 
ing the inclination of the incident ray ; and seems 
to hold out the possibility of constructing an achro- 
matic object lens, by combining two lenses of the 
same kind of glass* 

The third series of experiments, from Exp. 66 

to Exp. 69, exhibit results in which the tertiary 

fipectrum is made to oppose and correct the secon* 

dary spectrum. In Exp. 67; the tertiary spectrum 

only produces a partial correction of the secondary 

spectrum. In Exp. 68, the secondary spectrum 

is completely corrected ; while iii Exp. 66, the 

secondary spectrum is more than corrected by the 

tertiary spectrum, the uncorrected-green being to* 

4 
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wards the vertex of the crown glass. These re- 
sults; while they completely establish the existence 
of the new spectrum, seem to hold out the pos- 
sibility of removing, or at least diminishing, the 
uncorrected colour^ which is the principal obstacle 
to the perfection of the achromatic telescope. 

The extreme minuteness of the' uncorrected 
fringes, ^hich form the secondary spectrum, ren- 
ders it quite impracticable to asciertaiti either their 
relative or absolute magnitude, by any of the usual 
methods of measuring space. The most delicate 
micrometer would 'completely fail in such an afc^ 
tempt, and no confidence could be placed in ruder 
measurements. 

The existence of the tertiary spectrum, how-i 
ever, relieves us from this embarrassmient, and fur- 
nishes us with an accurate method of ascertaining; 
in every case, the magnitude of the secondary 
spectrum. As the tertiary spectrum is not pro« 
duced ' in virtue of any specific quality of the re* 
fracting media, but depends altogether upon the 
angles by which the light is refracted at the two 
surfaces of the prism, its magnitude is capable of 
being determined' by direct calculation. When 
the tertiary spectrum, therefore, corrects the se- 
condary* spectrum, as in Exp. 6S, we have only to 
compute the magnitude of the former, or the de- 
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viatioa of the mean refraDgiU^ raj» as ptodtifed 
by the crawn ghds ; ftii4 hy calculatiiig the mag^ 
mtude of the ^ixiall tertiAiy spectrum, or the irn^ 
nute deviation of the mean ray which is ocoBion^ 
ed by the flint gUtss pristn^ we shaU obtain a 
measure ot the w&sooABxy spectrum of the flint 
f lass arising fr^m ite i^iecitie attraction fmr the 
differently colouresd rays. 

Having tlvyis given a Ml inew of ike experi^ 
meats which I have m^de on the secondary anil 
the tertiary spectrum, I ibail condbide this Cbap^ 
ter by p<»nting ont the a^ication of thn results 
to the improvemcsit of the aciiron&atie tdescope. 

The imperfections of this instrumabkt arise from 
two €auses,^~from the partial correction of colour, 
whidi is the consequence 4»f an inequdiiy in th^ 
coloured spaces of the spectra produced by crown 
and flint glass ; and from the difficulty of pro-* 
curing flint gifiyss free of veins and specks^ Nor 
attempt) so far as I know, has ever been made t# 
remove or evt^ to diminish the first of these evils ; 
and the hiigb rewards which hare been offered for 
good flint gluss, by the Board of Loflgitade in 
J£i^;land^ and the Academy of Sdences in Fnmce^ 
bave not yet produced ^ngr besieficiai effects^ 
The following maaumti^ founded upon direct ex* 
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petkMAtf tMy pt4AMh\f <sM$xibixtt to the improve^ 
menA &i this trahudble indtirument 

I^ It ilppears, from the pc^eMag e^pmlmentif 
thtt the MmotrH^td calonr diminidhes in geaerid 
with the differenee of th^ dispenive powers 
&S Hie two piiBttw of lenses by which it is pro^^ 
dueeity Mid k A eombitiatiott of crown and flii^ 
glass, whose dispersire powerd aro a,0S6 O;05S^ 
the outttaiidii^ colours are vejry conn^erilble. 
The imsorr^Ud tobmr may thirefare he grettihf du 
ftiktii^ied^ by uringfxkt^uss wUha digpetswe power 
^imoae pOBsiMe. The diqfersit^f powers gf dift 
tareiit kinds^ of fliot glass vuy fjc^mi o,M5 to 
0iOMf and if Dr Robiaoh's ei^riiiieiarks hsf^t 
}mea ji^ly xedueefl, he fbulid Some so low a| 
04IM«^ The pratsticai cmticiaBi therefore^ should 
aAwttfS select th^ flinl; gSaas IrUch has the least 
dispersive power, and though thi^ will render it 
necessary to diminish the radii of the surfaces, 
the secondary spectruna will be very much re-^ 

ducedt 

4i. As the crown glass likewise yd,ries consider-r 

* Mr Tulley ot Islington, emplo3rs flkit gbdte between the 
specific gravities q£ 3.4S6 and S.I 92^ and as h^ finds that the 
jrdSraetivie iEOid dlspiErrsive powers hJcrease rtty nearly with the 
density of the glass, the first of these kinds of gTass must ex* 
ceed the otiher v«iy nnich in separathig the extreme' rays. In 
^e gf^^ whose deojsity is 3.466, the ratio of i»fr9Ction in the 
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ably in its dispersive .p<ower» accordiiigito^th^ pro- 
portion of the ingredients, of which it is coQ^Miseds 
it would be of great importance to, use that kind 
of crown glass which has the least power of .s«pa-» 
rating, the extreme rays. This will enable, the 
optician to employ a. kind of^int glass, stillclower 
in dispersive power, and thus to diminish still 
more the uncorrected fringes. 
. 8. WJiile the use of two kinds of glassthatf do 
not differ widely in dispersive power, enables us to 
diminish the secondary s{iectrum> and thus.to.im- 
prove considerafaly the achromatic, telescope; it 
allows us at the same time to mnove, jn some 
measure, the other obstacle to the. perfection of 
that instrument. . Since a jSint glass with, a iow 
disqpersive power is req^ured, it will be necesaaiy 
to piit only a small portion, of Jead.into its.com^ 

crown to that ii> the flint glass^ is as; 1 to 1.74^> and the radii of 
curvature are , ' 

b=19A 6'=72.0 *-**^cnes. 

}n the glass whose density is 3A$2, the ratio of refractiQn is 
as 1 to 1,52, and the radii of curvature are ■ 

0=11.5 a'=;:15.2$ « aa - i, 
J=16.8 6'=32.50^=**^"^^'- 

See the article Achroma^tic Telescope^ in the Edinburgh 
Encyclopasdia, 2d Edit, where I have published several forms 
for achromatic object glasses^ which were communicated to m^ 
by that celebrated optician. 
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position. . We may thei^efore ^esqiect, that the in* 
gredients will ,form a more homogieneoiis mass 
when the quantity vOf lead is dimibished, and that 
the gla3s will be.le^s isdFected with those veins and 
specks, which render it so unfit for optical pur- 
poses.* 

In order ;to follow out these, views, I have. pro-. 
jected a set of experiments on . the composition 
of a proper glass for achromatic tdeseclpes ; and- 
Sir George Macken^e,.Bart.. who is moire familiar' 
than I . am with such opeitations, . has had the 
goodness to assist me.in tiiis important enquiry. 

The experiments in pages 388 and S84, which 
form the second series, -appear to hold mit. some 
prospect of producing achromatic, refrai^tion by 
two lenses of the same substance^. DoUond, and 
every subsequent optician, would have pronoun*' 
ced this to be altogether impossible ; but the result 
of the 68d Experiment shews, that it . can be ef- 
fected with prisms by means of an arrangement 
which . we have represented in Fig. 5, of Pliate 

* As it 13 almost impossible to procure a piece of good flint 
glass m6re than 4 or 5 inches in diameter^ might not' a lens 
of any magnitude be con^posed of separate, pieces, of good glass 
from the same pot^ firmly cemented together^ and afterwards 
ground and polished ? In the article Burning Instruments^ 
in the Edinburgh EruyclopceeUa, v6l. v. p. 145, 1 have proposed 
this construction for largQ bur|UQg leases* 
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XIL Tlnfe prbm B, wldcii lias a smaffler .fdh»A- 
Sng angle than the priflm A^^ h« the tincr wlneh 
bisects thikt aagte indiiied t^ the iMidbUt nty 
RR, IB oDMequence of xrhkiiy its dfapenioii b 
tocyeased in a ifreater latio thim iU refraction^ so 
as to correct the dispersion of A without coiwet- 
ing its xefraction. Hence the f&y RD wfll emerge 
aotourtessif and wiH meet the axis CD. 

This arrsagemeot of the pttems may be ioiita*- 
ted with leases^ as hi Fig. 6. where the eonveK 
fens A comspoio^ wMi the prism A, a^ fai Fig* 6. 
and tike convent meniseits B with Ae ptmnk B* 
We have made the lens A plano-convex^ as the 
combined ob^«glast wffi thus pvodoce a more 
perfect correetkvh of the sjj^rical abemttfani* 
H is prdbable ttei tke.best tern weald be that in 
WUcb B is as a com^e msniscQS^ and A a ctm^ 
vex asenisens^ hkriag its ceivrelt sMetttmedta* 
Wank the (^e^psoe^ I hate maie mbm aap^it^ 
Hieirts with glasses d this Jond, but tliaiig^ i 
hare obsarvad aa eirideat dimfamtxoa ot the ehre« 
naiik abenatfisn, jet otrinig^ p c u bn M^ to a want . 
of proper lenses, I have not succeeded in remov- 
ing it. 

In oirder to assist the leas B in prodociafg a 
spectrom equal to that produced by A, it might be 
Ibrmed of anotiner kind of crown glass^ haTing a 
greater dispersive poirer tlmn A« 
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CHAPII. 

Description of a New Compound Microscope for 
examining objects of Natural History, and ca- 
pable of being rendered Achromatic. 

Xtffi.iM>h8£ni0tion;both<)f* single and compound 
miciQSCopes hai^ within, the last (fifty jeajrs, bein 
brought to a great d^ree of perfection ; and for 
iall the iwkposies of amuaeinibnt and general obser- 
v«ttoD» tkbese inttnimenis may be considered as' 
sufltt^iently perfect. Bat* when we employ the 
miorosoope. as an instrument of discovery, to ex* 
amiiie tbose phenomttoa of tiie natural world' 
whidi cHPe beyond the ii^aeh of una»dsted rision/ 
and whea we use it in ascertaining the anatomical 
and jAysiological struobire of plants, insects, and 
animalculae^ we soon find, thiat a limil!,- apparently 
insuperable, is set to ths progress of disco very» 
and that it is only ^some of the ruder and more 
paipaUe fitnctions of ' these - evanescent animals 
that iKea» able to Inrfaig under observation. Na^ 

2c 
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turalists^ indeed, are less acquainted with the or- 
ganization of the microscopic world, and the beings 
by which it is peopled, than astronomers are with 
those remote systems of the universe which ap- 
pear in the form of nebulae and double stars. It 
was the improvement of the telescope alone whidi 
enabled Dr Herschel to fix the views of astrono-* 
mers upon those regions of space, to which, at 
a former period, their imaginations could scarcely 
extend ; and when the microscope shall have re<* 
ceived a similar improvement, we may look for 
discoveries equally interesting, though leiss stu* 
pehdous, even in tho^ pdrtlons of spoos vhieb 
are daily trampled finder tl^e fiiot of matt. 

It is both important and interetttting tcr inquire 
into the cause of this Umttatiim of miiirofleopl-* 
cal discovery. The construction of ifingle lenses 
fW the sin^lest form of the intrumentt has faeea 
brought to great perfection. I have in toy pofl-» 
^easion glasses executed by Mr fihqtttewiirth, ctf 
the focal length of yV» A» and z\ of an inch, which 
sm gi«mnd with great mcmtmcj ; and^he p^i^rm« 
ance of stn^ lenses has been recently Improvied 
by Dr WoUaston, who separates two faeittispl|ein« 
cid segments by means of a sm^ll plate of bi;^ 
p^forated in the eentret We cannot, therefore, 
^ipect any essentia) impovemetil ia the tnngle 



OHAV* !!• OfJBCTS OF NATURAL UISTQAY. 40S 

QuercMicopey i^i)es8 from the discovery of som^ 
f ra|i$0ar?nt rabstance, which, like the diamond, 
^QOW^e^ 9 lligh refractive power, with a low 
power of di$persioQ« 

I|i.(l{ff poi|i)>)i){i^iop of siD^le lenses to form the 
CQnipA)m4 WQroscope^ opticians have likewise ar- 
rived at a grei^t degree of perfection. The aber- 
r^ktipn of r^frangibil^ty can now be completely 
temov^ by a suitably arrangement of the indivi* 
d^al lii^mtts ; aiid every artifice has been exhaust* 
ed in niiting the^ appaxi^tus to the various^ tastes 
of the piurcha$er$, and to every purpose of popu- 
hx observaliQp^ 

No atteibptf however, appears to have been 
made by opticians to fit up the microscope as an 
iQgtrMment of discovery^ to second the labours of 
the naturalist in preparing the sul^jects of his re- 
^^dn; and to gciiommi^dd^ the ii^trument to that 
palttkuiar kind ({f preparatioTk which is indispen' 
sibfy ne9$smryf0t the preservation and inaction of 
ffrintUe alkject^. 

In perUfing the writings of those naturalists 
who iiave applied the mi^oscc^ to the examina- 
Qoni of minute Ql^ects, we find, that th^ most dif- 
ficult and p^lexing part of their l^our consist- 
ed in pisaerving aud prepiiring th^ different in- 
sects and Hiyttttance^ which they wished to in- 
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spect Small insects instantly cAirivel up and 
lose their natural form as soon as they are killed^ 
and the minute parts of plants suffer a similar 
change from exposure to the air. Hence Swamr 
merdam and Lyonet killed the insects wMch they 
meant to examine, by sufibcating them either in 
water/ spirit of turpentine, or diluted spirits of 
wine. The softness and transparency of their 
parts were thus preserved during the procei^s of 
dissection, and when they were completely de- 
veloped, the insect was allowed to dry before it 
was presented to the microscope. Its parts were 
consequently contracted, and lost not only their 
proper shape, but that plumpness, and that fresh- 
ness of colour which' they possessed when alive. 

In the preparation, indeed, of almost every ob* 
ject of natural history that is cmiposed of minute 
and delicate parts, it must be preserved by im* 
mersion in a fluid; the dissection must often be 
performed in the same medium ; it must be freed 
from all adhe3ive and extraneous substances, by 
maceration .and ablution in water ; and when it 
^las undergone these operations, it is in a state of 
perfection for the microscope. Every siribsequent . 
change which it undergoes is highly iBJurious: 
it shrivels and collapses by b^ing dried ; its na-* 
tvri^l polish and brilliancy ar^ impaired ; the mi* 
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nute. ports, such as the hairs and down, adhere to 
one another, and the general form of the object, 
as well as the disposition of its individual parts^ 
can no longer be distinctly seen. 

It is therefore a matter of considerate import- 
ance to be able to examine the object when wet^ 
and b^ore it has suffered any of these changes.; 
and by fitting up the microscope in the following 
manner, this may be effected without even ex- 
posing the object to the air. 

The object glass of the compound microscope, 
should Imve the radius of the inunersed surface 
about nine times the focal distance of the lenis, and» 
the side next the eye, about thi^ee fifths of the same 
distance. This lens should be fixed into its tube 
with a cement which will resist the action oi wa« 
ter or spirits of wine ; and the tube, or the part 
of it which holds the lens, should have an univer'* 
sal motion, so that the axis of the lens may coin« 
cide to the utmost exactness with the axis of the . 
tubes which contain the other glasses. 

Several small glass, vessels must then be provide 
ed, having different depths, from one inch to three 
inches, and having thieir bottcnn composed pf a 
piece' of flat glass/ for the purpose of admitting 
freely the reflected light which is intended to il- 
luminate the object. The fluid in which the ob- 
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ject has been preserved) or pi-epared^ iB next put 
into the vessel ; and the object itdelf, placed iipd» 
a glass stage, or if necessary fixed to it, is fart* 
mersed in the fluid. The glass vessel is notv 
laid upon the artn of the microscope, which ti^al* 
ly holds the object, atid the lens is brought inta 
contact with the fluid in the vessel. The raya 
which diverge from the object emerge directly 
from the fluid into the object gla^s, and then^fore 
suffer a less refraction than if it had been made, 
from air ; but the focal length of the lens is 
very little increased, on account of the ^reat ti^ 
dius of its anterior surface* The oligect may 
now be observed with perfect distinctness, unaf- 
fected by any agitation of the fluid ;— its piti^ 
will be seen in their finest state of preservation ;«^ 
delicate muscular fibtes, and the hair^ and down 
upon insects, will be kept separate by the buoyancy 
of the fluid ; and if the object when alive, tA in 
its most perfect state, had a smooth sttrfoc^. Its 
natural polish will not only be preserved but 
heightened by dontact with the fluid: Aquatic 
plants and animals will thus be seen with unusual 
distinctness, and shells and unpolished minerals 
will have a brilliancy communicated to their sur- 
faces which they could never have received from 
the hands of the lapidary* If the specific gravity 
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of the stibstalioe under exasdinaiioQ shbuld hltp- 
pen to be Im than that of the fluids and if it can- 
not easily be fixed to the glass stage^ it may be 
kept from rinng to this top by a' piece of thin 
parallel glass, or by a, small grating of fdlter iiHra 
itrotehed across the vessels 

in order to find the mligiiifying power of such 
a ttiicrosoopci, let 

y ifeF^cal l0figih of obfect'^iBS. 
F:±Focal length of Bmplifying glas& 
d = Distance of object from object-glass. 
t>=rDii^noe betti^i^en the object-glass and the ampllfying-glass* 
111 sMilgttlQnlig po«^ of «hi! ey^gldsi^ 
Ms: Magnifying power of the microscope. 

Then^ fkatii the reatsoning in p* e*, 65, we sihdll, 
fitid 

Jt=^^— D, And 

When ihe dject^glass is equally convex, arid 
frken its ant«rior surfihce is immened in witter, we 
thtm have 

When ihe objeet-gUss is unequally conve:^:^ and 
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0, b are its radii, a Imng iottiiiersed in water^' wt 
shall have /= o gjm* ^^^ ^^ using the value 

off in the first, equationai^ thei nuignifyi^g pdwer 
Will be found. 

The method of fitting up and using the com- 
pound microscope, which has now been described, 
enables us, in a very simple manner, to render tibe 
object-glass perfectly achromatic, without the as- 
sbtance of any additional lens. The rays which 
proceed from the object immersed in the fluid, 

will form an image of it nearly at the same dis- 

• 

tance behind the lens, as if the object had been 
placed in air,, and .the. rays transmitted thznugh a 
plain concave lens of the fluid combined with the 
object-glass. If we, t)ierefore, employ a fluid 
whose dispersive power exceeds that of the ob* 
ject-glass, and accommodate the radius of the an- 
terior surface of that lens to the difference of 
their dispersive powers, the image will be formed 
perfectly free from any of the primary colours of 
the spectrum. The fluids most proper. £dr this 
purpose are. 

Oil of cassia. * Oil of sassafras. 
Oil of anise seeds. Oil of sweet iennel seeds. 

Oil of cummin. Oil of spearmint. 

Oil of cloves. Oil of pimento. 
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These oils are arranged in the order of their 
dispersive powers ; and when those at the top of 
the list are used, the anterior surface of the ob- 
ject-glass will require a greater radius of curva- 
ture than when those at the bottom of the list iare 
employed. Thus, in order to render the object- 
glass achromatic, when it is made of crown glass, 
and when the fluid is oil of cassia, the radius of the 
anterior or immersed surface, should be to that of 
the surface next the eye as 2.5 to I. Lest these 
proportions should not exactly correct the chro- 
matic aberration, it would be preferable to make 
the radii as 2.2 to I, and then reduce the disper- 
sive power of the oil of cassia by oil of olives, or 
any other less dispersive oil,, tifl the correction of 
colour is complete. If the oil of sweet fennel 
seeds is used, the radius of the anterior should be 
to that of the posterior surface, as 0.8 to K 



- / 
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CHAP. m. 

Description of a ^ew Solar Microscope, which can 

he tendered Achromatic. 

« 

The principles upon which the instrumetit d^ 
scribed in the preceding Chapter is constructed^ 
may be applied with peculiar advantage to the 
solar microscope, whether it is employed for the 
examination of opaque or transparent objects* 

The method of fitting up the solar microscope^ 
to render it susceptible of this iaiprovementy is 
represented in Plate XIL F%. 7« wh^e AB is the 
illuminating lens which receives the parallel rays 
of the sun, and throws them upon the ot^ject. 
The object lens CD is firmly cemented into one 
end of a tube m C D n, which has a tubular open-' 
ing at E ; and at the other end of the tube is ce* 
mented a circular piece of parallel glass mn^ 
The tube ^CDn is then filled with water, or 
any other fluid; and the object, when fixed upon 
a slider, or held with a pair of fdrceps, is introdu* 
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ced ittto ,tbe fluid at the opening ]B. The Miter, 
or tile lbrck{>s, maj. be easily Jrendeiled inoveaUI^ 
80 that Ihe object m^y be placed at^ k pi^Oper d&h 
taiite from B ; bt the adjustmeilt may hi isffected 
by a motion of the screen on which the imtge b 
projected. The plate of glass m n might be re- 
moved, and the whole of the space between AB 
and CD filled with fluid ; but if the fluid had any 
tinge of colour, the transmitted light would, in 
this case, partake of it, and injure the distinct- 
ness of the image. 

If the microscope is fitted up for the examina- 
tion of transparent bodies, it is obvious, that the 
image will be much more perfect than if it had 
been formed in the common way. The opacity 
which arises from a contraction of parts is thus 
completely removed, and an additional transpa- 
rency is communicated by the fluid, which could 
not have been obtained in any other, way. Sub- 
stances, indeed, which with the common solar mi- 
croscope appear opaque, will, in the present fiDrm 
of the instrument, exhibit a very great degree of 
transparency. The advantages arising from im- 
mersion in a fluid, which have been very fully 
$tated in the preceding Chapter, apply with pe- 
culiar force when the objects are used in the solar 
microscope. 
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microscope may be rendered perfectly 
achromatic^ by using the same fluids^ and by 
giving the lens ne^ly the same radii of curva* 
ture, which have been mentioned in the preceding 
Chapter. 
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CHAP. IV; 

Description of New Fluid Microscopes. 

X HE first idea of fluid microscopes was suggest* 
ed by Mr Stephea Gray, irho published an ac- 
count of them in the T^dnscu^tions^ of the Royal 
Society.* They consisted merely of a drop of 
water, w:hi€h was. taken up on the point of ^a pin^ 
and placed in a small hole one^thirtieth of an inch 
in diameter i in the middle of a spherical cavity 
about one-eighth of an inch broad^ and a little 
deeper than half the thickness of the plate/ . On^ 
the opposite^side of the plate was another spherical 
cavity, half as broad as the former, and so deep, 
as to reduce the circumference of tlie.. small hole: 
to a sharp edge. When the water is placed in 
these cavities, it will form a double convex lens 
with 'imequal convexities, which: may be employ- 
ed like any other, single microscii^ in the exami". 
natiota of minute btgects. 



* See ihe PhUosophicdl Transactions, No. S21^ ^S, and 
Smith's Optics, vol ii. p. 39*. 
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« 

As water, however, has a considerable £sper- 
sive poweir,' and a low power of refraction, fluid 
microscopes of a more perfect kind mjay be form* 
ed, bj using sulphuric acid, castor oil, oil of am- 
bergrease, or alcohol. The sulphuric acid has a 
very low dispersive power, and a greater refrac- 
tive power than water, and will, therefore, mak^ 
a more perfect lens than mj Qthar dwd bo4x* 
Castor oil maj be emplojed with inmost equfti 
^vantage ; and oil of ambergieiase and alcohol 
Would answer the same puri)0se ftodi. their o^U? 
ol properties, though their volfttiUtj may rendei: 
them less easily managed* 

The best method, however, of construdting fluid 
microscopes, is to take Canada balsam, balsam of 
capivi, or puce turpentine varnish, and lei a (brpp of 
any of them &dl upon a thip piece of parallel glass* 
The drop will fonn a pl|ina-ionv£pc lens, and its 
fpcsX length niay be regulated by tiie quantity of 
fluid which is used. These fluid lepses we repre-^ 
sented in Fig. 8. of Plate XII. as suspended upmi 
the parallel giass; but the proper position ia^wben 
the plate of glass is horizontal t If the lens is 
uppermost, the gravity of the; fluid will make it 
more flat, and diminish its focal length : This, 
however, may be avoided, and the couitrary eff<ect 
|)roduced, by inventing the piece of glass. If 
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these lenses are preserved from dust, they will^ 
be as durable as those which are made of glass ; 
and when thick Canada balsam is used, the lenses 
will soon be indurated into a hard gummy sub- 
stance, and resist any change of figure from the 
gravitation of their piEirts, 

I have sometimes employed these fluid lenses 
a$ the obj^t glasses ^' ca^p^pund ^icr<|f c^pe? ; 
and I even constructed a g^d compoiujd micro- 
scope, in which both the object gl^ss and the eye . 
glass were made of a fluid. 

In the present improved iiate'eF'dpticfl litetili-^ 
ments, these microscopes cah^ndt be or * a*y essen-* ' 

tial service ; but occasidhs sometimes' ocetir for 

• > '" '^ ^ • " ^ '■'"< '. • '• 

microscopical observations when lenses/di* hot to 

be had, and when the materials of a fluid nUcro*^ 

scope are the only substitute iR^hicli the obs^rv^r 

can command. ' ' i 



; t 
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CHAP. V. 

/ 

Description of adjusting Microscopes for seeing at 
two differerit Distances at the same time. 

■ 

Thbbb are numerous observati(^u^ both of a me- 
chanical, and a physical nature^ in which it is of 
the g^i^eatest consequence to adjust the eye to 
objects aJtuatfid st diffmnt distances. In mea-. 
guiiiig the diameten of minute objects^ by obser- 
▼ing the space which they occupy upon a distant 
plane sniface, it is requisite, to the accuracy of. 
the result, that both the object and the plane be 
9een distinctly at the same time. In the supe- 
rior and inferior adjustments of the barometer, 
and in every case where it is required to place the 
axis of the eye either parallel to, or coincident 
with, a given line, the same kind of adjustment 
is of essential importance. 

When the more remote of the two points which 

are to be seen at the same time, is at a greater dis- 

4 ■ 
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Urnde than seven or d^kttticfaes, the skortest limit 
cf idistiifct irisibn^ tiie«ftd)ustii^ ikiictoscfcpe may be 
finrmed l^ drilling a small %ole thrca^h the een^ 
t3^ of tbe lens, as tn Fig* 9.. Plate XII.; or, what 
may sometimes be more convcaiimt, by cement* 
ing upon the oaatre of each surface of the t«is two 
small drcalar pieces of glas» m, n. Fig. lo» by a 
fluid such as Canadaibai^m, whiofa has nieariy the 
mAie refractive pow^ with the gld3& The central 
part of the lens will thus be reduced to a plane 
saxfiEM^e, and will have the. same effect' as the form 
exhibited in Fig. 9. When the rays; therefore^ 
&oin the soBore . distant point, pass thrcHigh the 
petfolid;iscm o, or through the planes of glass m, n^ 
and fall upon the central part of the pupiH they 
wiil fbnn a distinct image of k upon the retina, 
while thfi rays from '^e biearet .point passing 
through the lens, will be incident upon tbe outer 
portion of tiie pupil, and form an equally distinct 
image of it upon the retina. The coincidence of 
the bne point with the other, (»* the space which 
one of lAkem occupies iipon any plane, mfiy thus be 
dbtinctLy observed. 

If the distance of both the points is less than 
seven or eight inches, the adjusting microscope 
should be constructed ia« in Fig. 11, where a 
plane of |^s is cemented to the lens by a small 

2d 
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circular portion of Canada balsam, or any other 
riscid fluid, which has such a refractive pernor 
that the increased focal length of the Central part 
of the lens may be to its real focal l^gtfa, as 
the distance of the remoter point is to the db*- 
tance of the nearer point. The.r^noter point will 
then be seen distinctly through the central por- 
tion of the lens, while the nearer point wiH be 
seen with equal distinctness through the outer 
portion. The same effect will be produced by the 
construction in Fi^. 12, where the cement forms 
a ring at the circumference of the lens. . 

In order to see three points at the same instant 
with perfect distinctness, which may sometimes 
be necessary, we must adopt the construction in 
Fig. IS, where a very small circular plane of glass 
is cemented by Canada balsam to the anterior sur- 
face of the lens, and a small circular ring of glass 
cemented, on the opposite side, to the portidii of 
the lens immediately surrounding the first circular 
plane. The lens will thus be divided into three 
zones, having three different focal lengths, which 
may be varied in any required proportion, by al- 
tering the radii of the two surfaces, or changing 
the refractive power of the cement. In order to 
avoid any loss of light arising from the circumfe- 
rences of the glass planes not being transparent^ 
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each of them may be extended to the yery cir- 
cumference of the lens. In all the constructions 
which have been mentioned, the different aper- 
tures must be accommodated with great care to 
the size of the pupil, which will, of course, vary 
with the intensity of the light in which the ob- 
servations are made. 
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CHAR VI. 

Description of Opera Glasses and Night Glasses, 

upon a New Construction. 

After DoUond had constructed the achromatic 
telescope, the theory of that instrument was' view- 
ed, in almost every possible aspect, by Euler, Clai- 
raut, D'Alembert, and Boscovich. D'Alembert, 
in particular, has shewn, that an achromatic te- 
lescope may be constructed with a single object 
glass, and with a single eye glass of a ^difHSrent 
refractive and dispersive power. In this form 
of the instrument, the eye glass must be con« 
cave ; and the glass, of 'which it is composed, 
must exceed in dispersive power the glass from 
which the object lens is made. This construc- 
tion of the telescope, however, was abandoned 
as soon as it was suggested. The substances 
which were then known to differ most in disper- 
sive power, were crown and flint glass; and in 
order to have a perfect correction of colour with 




/ 



CHAF. VI. ON A NEW CC^STAUCTrOHw 4BSA 

/ V 

I 

tbese sutistahcesr, the tehscopi coaid mt magnify 
^tiore ^um one and a third times: An imtanimeut 
of this kind, which can scarce! j be said' to^ faflre 
any magnifying power at all, is of no use what- 
ever ; and I believe that no artist has attempted to 
construct it. 

The. discovery, however, of the enormous dis- 
persive power of oil of cassia, and some other es- 
sential oils, whidi I h^ve already noticed in an- 
other part of this vohime, renders such a form of 
the instrument no longer impracticable ; and 
though we can never obtain a magnifying power 
sufficient for . astronolnicdl ptrrposes^ yet opera 
passes and' small telescopes- may thus h6 matte 
with wonderful precision. - - 

If an opera gla'ss were constructed with an ob- 
ject lens perfectly achroitiatic, and made of crown 
atidftUit glass, the aberratioiif of ciolour produced 
hf the eye glass woilld still remiaift, as there is 
not sufficient space for tfa^t conibination of sifigfle 
lenses, which would at the same time erect the 
object and remove the uncorrected colour. 

TTie dohstiruction, therefore, wliich has been 

mentioned, is peculiarly fitted for opera glasses, 

as the dispersion of the dbject glass is comjfilef ely 

removed by the opposite dispersion of the eye 
glass. 
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If we suppose the object glass to , be equally 
convex on both sides* and the eye glass equally 
concave, and make 

R=: index of refraction for the object glass, 
r = index of refirrction for the eye glass. 
dH =; Part of the whole refraction to which the dispersion 

is eqoal, in the objeofr-gla&B. 
dr = Part of the whole refraction to which the dispersion 

is equals in the eye-glass. 
F = Focal length of the cublect glass. 
^=: Focal length of the eye glass. 
A = Radius of the object glass. 
as Radius of the eye glass. 

« 

Then it may easily be shewn, that the concave 
eye .glass, will exactly correct the dispersion of 
the convex object-glass, when 

A _ dr dR 

The application of this formula to various com- 
binations, will point out the substances which are 
most fit to be employed in instruments of this 
kind. 

L Object Glass f CrovmGlass; EyeGlass, Flint- 
glass. 
In this case we have the following values : * 

. * See the Tables of Refractive and Dispersive Powers^ 
p.S79-and S15. 
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R zz 1.544 
r=: 1.616 
« <{R=: 0.020 4 

dr = 0.032 and 
. 0.032 0.020 ,^e , ^ 

0.379 0.296 

Hence it follows^ that in this combination the 
magnifying power , of the instrument cannot much . 
exceed 1 i times, f 

II. Object Glass, Crown Glass; Eye Glass, Oil 
of Cassia. 
In this case we have the follomng values : 

R = 1.544 

r= 1.641 

dR == 0.020 

dr :=zO.OS9 and 

. 0.089 0.020 ^^, , 

0.411 0.296 

Hence it follows, that in this combination the 
i magnifying power of the instrument may be fully 

y 8 times. 

HI. Object Gxass, Water; Eye Glass, OU of 
^ Cassia. 

In this case we have the following values : 



t The eaeact magnifying power may be deduced from the 
fonmil® 

^ = 8^:5 ""^= iiCTg 
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r=- 1.641 
• rf»=rO.Oie • 

dr rs 0.089 and 
. 0.089 0,01^ ^^_ . . 

0.411 0.1 IS 

Hence it fallows; tbat in a combitiatloti of wa- 
ter and (rtl of cadBia, the magnify ittg poWer attht 
instrument will only be about 2 tiB^s*. 

IV. Object Glaiss^ E6ek CryMl; Ete GLAfiisf, 

Oil of Cassia. 
In this fonfl y^e hmt' the following^ values : 

R=1.56^ 
r= 1.6^*1 
rfR = 0.014 
drzz 0.089. and 
0.089 0.014 ,^ ; 
0.411 O.Slo 

Hence it follows^ that with this cc^nbinatioB 
^he magnifying power of the instrument may be 
nearly 6 times. 

As. t)u6/ combinatioir gl^es a /greater magnifjl^ 
ing power than any other, I have ocmpttted the 
following TaUe,. wiuich shews f the ieirgtb of the 
opera glass, the radius of each surface of the ob- 
ject glass, and the radium of each surface of the 
eye glass. ^ 
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Table for Opera Glasses and Small Telescopes. 



Length of the 


lUdius of each 


Badius of each 


Magnify- 


Opera Glass^ or 


Surface of the 


Surface of the 


ing 


Small Telescope. 


Object Glass. 


Eye Glass. 


Fower. 


In. Dec 


Inches* 


In. Dec. 




8.98 


5 


1.02 




4.78 


6 


1,22 




5.58 


.. 7 


1.42 




6.38 , 


8 


1.62 


, 


7.17 


• 

9 


1.83 


^^ 5.6' 


7.97 


10 


2.03 


times. 


8.77 


11 


2.28 


, ,^ 


9.57 


12 


£.43 


* ^ 


10.36 


IS 


2.64 . 


d 


11.16 


14 


2.84 

J 





V. Object Glass, Rock Crystal; Eye Glass, 
FKtU Glass. 

In this case we have the following v^ues : 

R = 1.562 

r = 1.616 
dR= 0.014 
i2 r = 0.032^ and 
0.032 0.01% , ^. - 
0.379 0.316 ^ 



In this combination, therefore, the instrument 
may- have a magnifying power of nearly 2 times> 
which is perhaps enough in « comm<»» opom glosa 
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VI. Object Glass, RocR Crystal; Eye Glass; 

Oil qf Anise Seeds. 
In this case we have the following values : 

R= 1.562 
r = 1.601 
dfR= 0.014 
' dr:^ 0.044 and 

0.044 0.014 ^Q^ , 

With this combination, the magnifying power 
of the instrument may be nearly 3 tinges. 

By employing the following substances, achro- 
matic combinations may be formed by means of 
single lenses, which will give a sufficient magnify- 
ing power for opera glasses. 

Substances fit for Substances fit for 

Eye Glasses. Object Glasses. 

Glass of lead Crown glass. 

Oil of cassia. Plate glass. 

Oil of anise seeds. Water. 

Oil of cummin. Alcohol. 

Oil of cloves. Sulphuric acid. 

Oil of sassafras. Oil of ambergrease« 

Oil of sweet fennel seeds. Rock crystal. 

Oil of spearmint. Topaz. 

Oil of pimento. 

In the ccmstruction of night glasses^ where much 
light and only a small magnifying power are 
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necessarj, and in combinations of lenses for mi- 
croscopes, the preceding principles may be success- 
Ailly adopted. 

When a higher magnifying power is required^ 
than is compatible with a complete correction of 
the aberration of refrangibility, the greater por- 
tion of the colour may still be removed by the 
combinations which we have pointed out ; and in 
cases where the fluid lenses may not be reckoned 
convenient, the eye glass should always be formed 
of a higher dispersive substance than that which 
is employed for the object glass. 



FINIS. 
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